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Phase transfer catalysis has been in use for over three decades, but triphase catalysis, 
where the phase transfer catalyst is immobilized on a solid support, is of much more recent ori­
gin. Triphase catalysts offer many advantages associated with heterogeneous catalysts such as 
easy separation from the reaction mixture, reusability, and use in continuous reactors. These 
significant advantages notwithstanding, triphase catalysts have not attracted industrial attention. 
The main reason for the lack of industrial in triphase catalysts is their reduced activity due to 
diffusional limitations. Another reason is the lack of understanding of the complex diffusion-
reaction problem associated with triphase catalysis. 
The objective of this work is to understand the principles behind triphase catalysis to 
make it industrially attractive. A detailed mathematical model has thus been developed to study 
the diffusion-reaction problem in triphase catalysis. Also, experimental work in developing an 
optimal support for phase transfer catalyst has been carried out A review of the field is given 
followed by the development of a mathematical model for liquid-liquid-solid triphase catalysis. 
Simulation studies show that the reversibility of the ion exchange reaction in the aqueous phase 
plays a significant role in the overall conversion. 
In order to understand the effect of nonisothermality of the reaction, a dynamic model 
for triphase catalysis system which includes intraparticle heat transfer effects was developed. 
It was found that for highly exothermic reactions, catalyst effectiveness greater than unity could 
be obtained. Another significant observation is that in an unsteady state reactor, like the slurry 
reactor used in the present work, there is an optimum with respect to the reaction time. 
To address the issue of reduced activity of triphase catalysts in comparison to their solu­
ble analogs, experimental work was carried out on esterification of benzyl chloride with aqueous 
vi 
sodium acetate using solid supported phase transfer catalyst. Reactivities of the triphase cata­
lysts were compared with those of comparable soluble phase transfer catalysts. The polymer 
bound tributylmethylammonium chloride has higher reactivity than its soluble analogs. Pos­
sible reasons for increased reactivity and the implications of this important finding in future re­
search are discussed. 
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CHAPTER 1. INTRODUCTION 
1. General 
The fundamental requirement for a bimolecular reaction to occur is collision between 
the reactant molecules. Regardless of the amount of energy, external agitation or time of expo­
sure, the reaction will not occur if the reactants cannot contact each other. Starks (1971) reported 
that reaction between n-octyl bromide and sodium cyanide does not proceed to any extent even 
if it is carried out for two weeks under agitation. There are many examples of such reactions 
where the reactive species are present in two immiscible phases and hence do not undergo any 
appreciable reaction. Jarrousse (1951) found that the alkylation of cyclohexanol and phenyl ace-
tonitrile can be carried out in a two phase system in the presence of quaternary anmionium salts. 
Gibson and Hosking (1965) reported the use of triphenylmethylarsonium permanganate for or­
ganic oxidation reactions. In 1965 Starks patented processes on "catalysis of heterogeneous 
reactions." Branstrom had named the reactions of quaternary ammonium salts in nonpolar me­
dia as "ion pair extraction." However, the term "phase transfer catalysis" (PTC) as coined by 
Starks has been widely accepted and is in general use. 
Since its birth in 1960s, PTC technology experienced rapid growth, especially in the 
1980s and has continued into the 1990s. Figure 1 shows a sampling of common industrial reac­
tions that have been patented using PTC technology. More than 50 global companies have pat­
ented PTC applications. In the early 1990s it was estimated that there were 500 commercial 
phase transfer catalysis processes being performed using at least 25 million pounds of catalyst 
per year. It was also estimated that the sales of products manufactured by processes consisting 
of at least one major PTC step were at least $ 10 billion/year with applications in areas like poly­
mers, pharmaceuticals, cosmetics, dyes and surfactants (Starks, 1994). 
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Figure 1. Industrial applications of phase transfer catalysis 
Phase transfer catalysis offers many advantages in process technology. Table 1 presents 
a list of some industrially important processes. The primary reasons for the use of PTC in indus­
trial processes are yield, environmental acceptability, safety, and choice of altemative raw mate­
rials. It has been shown that yields of reactions can be increased using PTCs. Also, PTC reac­
tions can be carried out under milder reaction conditions that result in reduced operational 
expenses, better stability of products, safer and better overall control of the process. Flexibility 
in the choice of solvent for carrying out a PTC reaction facilitates solvent selection that satisfies 
safety, health, environmental and handling constraints. Yet another advantage of the use of PTC 
is the ability to choose from altemative reagents for carrying out a particular transformation. 
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Table 1. Some Industrial Applications of PTC 
Product Reaction Reference 
Pharmaceuticals 
\^ncamines Alkylation Pelars and Ruman, 1980 
Morphine Ring-annealation Reisch et al., 1985 
Azapins N-alkylation Gozlan et al., 1982 
Amrinone Cyclocondensation Gomez-Parra, 1984. 
Cyclorpromazine N-alkylation Schmolka and Zimmer, 1984 
2-H-Chromene 0-alkyIation Reisch et al., 1985 
Erythromycin A Transesterification Biedrzycki et al., 1984 
Deazadeoxyinosine Glycosylation Seela and Menkhoff, 1985 
Benzodia2apin-2-ones N-Arylation O'Donnell et al., 1978 
Pesticides 
Hexamethylenedinitrile Cyanization Reuben and Sjoberg, 1981 
Fenvalerate C-alkylation Slaoui et al., 1982 
Cypermethrin Esterification Neumann and Sasson, 1984 
Polymers 
Polycarbonates Polymerization Reuben and Sjoberg, 1981 
While the advantages of PTC are significant enough to attract the attention of the process 
industries in exploiting this technique, there are some hurdles in commercial utilization of PTC. 
One of the main drawbacks is the need for separation of the catalyst from the rest of the reaction 
mixture. A phase transfer catalyst, dissolved in organic and aqueous phases, is usually separated 
using extraction and distillation. This adds an extra imit operation to the process. Often, the 
catalyst is chosen based on ease of separation, even though the reactivity may not be optimal. 
The problem of recoverability of PTC from the reaction mixture can be overcome by umnobiliz-
ing it on a solid support. Such an operation is called "triphase catalysis" due to the presence 
of three phases: organic, aqueous, and a third, solid phase consisting of the supported catalyst. 
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While supporting the catalyst provides for ease of separation from the reaction mixture, its activ­
ity may be reduced due to diffusional limitations. Almost the entire current literanire on PTC 
reports reduced activity of such supported catalysts. 
2. Objectives 
In view of the above, the present research was undertaken with the following objectives: 
1. To develop an understanding of supported phase transfer catalysis systems. It has to 
be noted here that due to the presence of a porous catalyst into which two immiscible phases con­
taining reactants diffuse for the reaction to take place, this system poses a challenging problem 
in regard to understanding the role of diffusion and reaction. There have been only a handful 
of publications in the literature dedicated to the understanding the mechanism of immobilized 
PTC systems. 
2. To develop a mathematical model that includes the reversible ion exchange reaction 
in the aqueous phase and to understand the effect of different parameters relevant to the model. 
3. To develop a nonisothermal model to study the heat effects involved in triphase cataly­
sis. 
4. To address the relationship between the support stmcture and reactivity of triphase 
catalysts. If by modifying the support structure, a triphase catalyst can be made as effective as 
its soluble analog, it would result in significant process improvements due to other advantages 
of supported catalysts like ease of separation and reusability of the catalyst. 
3. Dissertation organization 
This dissertation is written as a collection of papers published or prepared for publication 
in technical journals. Chapter 1 provides a general introduction to the subject matter. Chapter 
2 contains an exhaustive literature review of the field of triphase catalysis followd by the devel­
opment of an isothermal mathematical model. This model takes into account the reversibility 
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of the ion exchange reaction in the aqueous phase. Simulation results for various paramer values 
have been presented. Chapter 3 continues with the work reported in Chapter 2, and presents an 
extension of the mathematical model is extended to analyze the effect of nonisothermality in tri-
phase catalyzed reactions. In Chapter 4 we present the experimental work done to address the 
issue of reduced activity of triphase catalysts. Detailed kinetic studies in esterification of benzyl 
acetate with sodium acetate using soluble and supported catalysts is presented in this chapter. 
General conclusions and recommendations for future work are given in Chapter 5. For the sake 
of completeness, the FORTRAN and MATLAB programs used for isothermal and nonisother-
mal modeling and analysis are included in the Appendix 1. A case smdy for nonisothermal mod­
el presented in Chapter 3 is included in Appendix 2. References for this chapter are listed in the 
final References section of the dissertation. 
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CHAPTER!. THE DIFFUSION-REACTION PROBLEM IN 
TRIPHASE CATALYSISi 
A paper published in Industrial and Engineering Chemistry Research 
Sridhar Desikan and L.K. Doraiswamy^ 
Department of Chemical Engineering, Iowa State University 
Ames, Iowa 50011 
Abstract 
Phase transfer catalysis has been in use for over three decades, but triphase catalysis, 
where the phase transfer catalyst is immobilized on a solid support, is of much more recent ori­
gin. Polymeric solids are among the most commonly used supports, but they lead to diffusion-
reaction problems considerably more complicated than in conventional solid catalyzed reac­
tions. Since, rather unaccountably, triphase catalysis has not been a subject of common interest 
in chemical engineering, a brief review of the field is given with emphasis on the role of catalyst 
synthesis in understanding its diffiisional implications. This is followed by the development of 
a mathematical model for analyzing the difhision-reaction problem in a common triphase cata­
lytic system: liquid-liquid-solid triphase catalysis. 
1 Reprinted with pennission firom Industrial and Engineering Chemistry Research, 1995, 34 (10), 
3524-3537. Copyright 1995 American Chemical Society. 
2 Author to whom correspondence must be addressed. Ep-mail: lkd@cbeme.eng.iastate.edu 
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1. Introduction 
The fundamental requirement for a bimolecular reaction to occur is collision between 
the reactant molecules. Regardless of the amount of energy, external agitation or time of expo­
sure, the reaction will not occur if the reactants cannot contact each other. Starks (1971) reported 
that reaction between n-octyl bromide and sodium cyanide does not proceed to any extent even 
if it is carried out for two weeks under agitation. There are many examples of such reactions 
where the reactive species are present in two immiscible phases and hence do not undergo any 
appreciable reaction. Jarrousse (1951) found that the alkylation of cyclohexanol and phenyl ace-
tonitrile can be carried out in a two phase system in the presence of quaternary ammonium salts. 
Maerker et al. (1961) reported that the sodium salts of fatty acids could be alkylated by epichlo-
hydrin more readily in the presence of benzyltrimethyl ammonium chloride. Gibson and Hosk-
ing (1965) reported the use of triphenylmethylarsonium permanganate for organic oxidation 
reactions. Around the same time, Makosza (1965) published a series of papers titled 'extractive 
alkylation.' All these examples can be considered as early works in the area of two phase immis­
cible catalysis. In 1965 Starks patented processes on "catalysis of heterogeneous reactions." 
Branstrom had named the reactions of quaternary anmionium salts in nonpolar media as "ion 
pair extraction." However, the term "phase transfer catalysis" (PTC) as coined by Starks has 
been widely accepted and is in general use. 
In the examples mentioned above, the reactive species are present in two immiscible 
phases and hence the reaction does not proceed. Such problems have been traditionally solved 
by utilizing a solvent or cosolvent which exhibits both lipophilic and hydrophilic properties. 
Solvents like methanol, ethanol and acetone have been used in reactions of salts with organic 
substrates. However, the salts are usually less soluble in organic solvents than in water and the 
organic reagents are less soluble in water. This problem has been solved by using dipolar aprotic 
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solvents like dimethylsufoxide, dimethyl formamide and hexamethylphosphoramide. The diffi­
culty with such solvents is that they are costly, hard to purify and maintain in anhydrous form, 
and are difficult to recover once the reaction is complete. An alternative to dipolar aprotic sol­
vents is the use of an additive in the nonpolar solvent that solvates the cation. This frees the anion 
associated with the cation thus rendering it more reactive. Bgfa-diamines have been used to sol­
vate and enhance the reactivity of organolithium compounds (Agami, 1970). However, the ad­
vantage of a phase transfer catalyst over these two techniques is that in general the phase transfer 
reactions are milder and one needs to add only catalytic amounts of PTC for the reaction to pro­
ceed. Today, there are over five hundred industrial processes that use phase transfer catalysis 
as one of the key synthesis steps (Starks, 1994). Some of the industrially important PTC pro­
cesses are listed by Freedman (1986). Detailed reviews of PTC reactions have been published 
(Weber and Gokel, 1977; Melville and Goddard, 1990; Dehmlow and Dehmlow, 1993; Starks, 
1994). 
With the use of phase transfer catalysts in preference to dipolar aprotic solvents, one of 
the problems, i.e., cost of solvent, has largely been overcome. However, the problem of removal 
of PTC from the reaction mixture has remained. This affects the cost and purity of product, and 
poses environmental concerns such as safe disposal. While methods have been developed for 
effective removal of PTC from reaction mixtures, significant process improvements can be 
achieved by immobilizing the PTC on a solid support. The phase transfer catalyst can be bound 
to an insoluble resin, an inorganic solid, or maintained as a third liquid layer between the aqueous 
and organic phases. Despite their advantages over soluble phase transfer catalysts, only 5 to 10 
% of the industrial PTC processes utilize insoluble phase transfer catalysts. One of the draw­
backs of solid bound PTC is that many reactions proceed much more slowly with insoluble PTC 
than with their soluble analogs. Also, the cost of immobilized phase transfer catalysts can be 
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prohibitively high. This is attributed to the difficulty of commercial synthesis of catalysts with 
specific concentrations of PTC in them. Another disadvantage is that the polymer supported 
versions of PTC lack the mechanical stability for repeated use. These problems can be overcome 
by using PTC as an insoluble third liquid phase and this alternative is just beginning to be ex­
plored. 
The first studies on solid bound phase transfer catalysis were reported as far back as 1952 
when resin bound quaternary ammonium hydroxide groups were used to effect cyanohydrin 
formation, benzoin condensation, and cyanoethylation by Schmidle and Mansfield (1952). 
However, at that time the concept of phase transfer catalysis had not yet explicitly emerged. Re-
gen (1975) used quatemary salts immobilized on insoluble resins for carrying out cyanide dis­
placement reactions. They coined the term "triphase catalysis" for the solid supported version 
of phase transfer catalysis. The term "polymer bound phase transfer catalysis" is employed spe­
cifically when a polymer support is used. 
It is important to note that although PTC has been in vogue for almost a quarter century, 
engineering oriented research in this area is conspicuous by its late inception (mid eighties), and 
even more so by the surprisingly little interest it has generated among chemical engineers. By 
its very nature, phase transfer catalysis involves diffusion and reaction. But among thousands 
of papers on PTC published over the last three decades, less than half a dozen have dealt with 
the diffusion-reaction problem in a formal way (e.g. Evans and Palmer, 1981; Lele et al., 1983; 
Melville and Goddard, 1990; Weng and Wu, 1991; Starks, 1994). The situation is even more 
remarkable with respect to triphase catalysis, with no more than four papers (e.g. Marconi and 
Ford, 1983; Wang and Yang, 1991, 1992; Dutta and Pangarkar, 1994) on diffusion-reaction in 
an area so obviously replete with such problems. 
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This paper is concerned with triphase catalysis. There is an emphasis on polymer sup­
ported phase transfer catalysis since this has generated far greater interest than any other solid 
support. A brief general review of triphase catalysis is first presented covering the synthesis and 
characterization of solid supported PTC, mechanism of triphase catalysis, and modeling of tri­
phase catalyzed reactions (it should be noted that in most mechanistic studies, the diffusion-
reaction problem is reduced to one of reaction alone by assuming the diffusion to be fast, thus 
making it easier to propose chemical mechanisms for the reactions). This brief review is fol­
lowed by the development of a rigorous diffusion-reaction model for liquid-liquid-solid tri­
phase catalysis. Solutions to the model equations are then presented and discussed. 
2. A General Review 
Almost all solid supported catalytic reactions are influenced, particularly with respect 
to their diffusion-reaction behavior, by the nature of the solid support. But perhaps the one that 
is most influenced by the techniques of support synthesis is triphase catalysis. Hence we present 
in this section the salient aspects of triphase catalyst preparation and characterization followed 
by a brief review of mechanistic considerations. 
2.1. Synthesis of Solid Supported Cataljrsts 
Synthesis of triphase catalysts can be divided into two different categories: (1) synthesis 
of polymer supported phase transfer catalysts, and (2) synthesis of catalysts bound on inorganic 
supports. 
Polymer suppnH^^ p>i?sp transfpr catalysts 
Montanari and Tundo (1981) and Ford et al. (1982) have done extensive work on the syn­
thesis and characterization of polymer supported catalysts. Styrene-divinyl benzene resin is 
typically used as the polymer support due to its easy availability and use as ion exchange resin. 
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The first step in the synthesis of a polymer supported phase transfer catalyst is to func-
tionalize the polymer backbone. This is done by chloromethylation of styrene-divinylbenzene 
copolymer (Pepper et al., 1953), by chlorination of polymer support synthesized with p-me-
thylstyrene instead of styrene (Mohanraj and Ford, 1986), or by a polymerization reaction of 
/>-chloromethyl styrene with styrene and divinyl benzene (Balakrishnan and Ford, 1982; Ber­
nard etal., 1984) 
In a typical preparation, styrene, />-chlorostyrene, divinyl benzene, and an initiator are 
added to isooctyl alcohol and the reaction is carried out under refluxing conditions in nitrogen 
atmosphere for two to four hours. The resulting polymer solid is filtered off (Shan et al., 1989). 
In this process, isooctyl alcohol fills the interstitial voids and when washed leads to macroporous 
resins. Microporous polymer supports can be prepared by the same procedure but by omitting 
the alcohol in the synthesis mixture. The catalyst thus prepared has a certain concentration of 
chloro groups in it. This is called 'degree of functionalization (DF)' of the catalyst and is an 
important factor indicating the activity of the catalyst. The chlorinated polystyrene thus ob­
tained is reacted with PTC groups like trimethylamine or trimethylphosphine to form the tri-
phase catalyst. Functional groups like PEG, crown ethers, cryptands, and dipolar aprotic sol­
vents have also been used. The choice of the functional group affects the reactivity of the catalyst 
and its stability (Tomoi and Ford, 1988). 
It has been found that the addition of hydrocarbon chains to the polymer backbone in­
creases the reactivity of the catalyst (Chiles et al., 1980; Akelah and Sherrington, 1982; Idoux 
et al., 1983; Montanari et al., 1983). This so-called "spacer chain" is attached to the polymer 
backbone by alkylation of the resin with co-bromoalkene in the presence of a Friedel-Crafts cat­
alyst (Tundo, 1978; Tomoi et al., 1982). There are several other approaches to synthesizing a 
spacer-modified catalyst (Brown and Jenkins, 1976; Molinari et al., 1979; Heffeman et al.. 
12 
1982). The spacer-modified polymer supported catalysts are found to increase the reaction rates 
of some reactions by factors of 1.5 to 4 from the catalysts with no spacer chain in them. This 
is due to the fact that the catalyst sites are away from the polymer backbone and hence rendered 
more accessible to the reactant species. The composition of reactants used in the synthesis of 
polymer supported catalysts is important in determining its overall reactivity. Hong and Ruck-
enstein et al. (1992) have identified methods in synthesis to control the hydrophilic-lipophilic 
balance in the catalysts. 
PTH iTmnnhiTi7Rri on innrgamV. siippnrfai 
Preparation of inorganic catalysts is a well known area in catalyst chemistry. Some of 
the principles of inorganic catalyst manufacture have been used in immobilizing PTC on inor­
ganic supports. There are two ways by which PTC can be immobilized on inorganic supports: 
(1) physical adsorption of PTC onto ±e support, and (2) chemical binding of PTC to the support. 
The most commercially successful solid insoluble PTC catalysts are made by adsorption 
of quaternary salts on organophilic clays (Lin and Pinnavia, 1991). In particular, a form of smec­
tite clay called hectorite has been used. These clay bound PTCs are inexpensive, stable, and re­
cyclable. They have been used for nucleophilic substitution reactions of allyl bromide in toluene 
with aqueous NaCN, NaSCN, Na2S. They have also been found to increase the reaction rates 
of permanganate oxidation of alcohols, C-alkylation of nitriles, dehalogenation of vic-dibro-
mides, etc. (Pinnavia and Lin, 1992). Besides the hectorite clay, PTCs have been immobilized 
on other inorganic supports as well, like Si02, AI2O3, AI2O3-KF, Si02-KF, activated carbon, 
sand, and glass (Cornells and Laszlo, 1982; Kadkhoduyan and Pinnavia, 1983; Tundo et al., 
1985) 
PTCs have been chemically adsorbed on inorganic supports to form triphase catalysts. 
Polyethylene glycol groups have been boimd to silica. Teflon and other inorganic supports (Ake-
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lah and Sherrington, 1982; Sawicki, 1982). These catalysts have been observed to give about 
the same reactivity as the polymer supported catalysts. 
Inorganic supports have a lower number of catalytic sites per unit volume in comparison 
with highly substituted polymer supports. Also, the active sites are in a highly polar environment 
on inorganic supports and hence need to be modified with lipophilic groups (Ford and Tomoi, 
1984) 
Arrad and Sasson (1990) report the use of silica for impregnating quatemary salts. Typi­
cally, tetraalkyl ammonium or phosphonium salts are not very good PTCs as they are insoluble in 
most organic solvents (except highly polar ones like ethanol). However, the authors show that 
these salts can function as effective catalysts even with apolar solvents if the inorganic reactant is 
a solid rather than a liquid, so that excess hydration of the hydrophilic catalysts is prevented. 
Thus alkyl chlorides and bromides in aromatic hydrocarbons react with alkali salts of iodide, 
acetate and formate ions in the presence of 5-7.5 mol% of tetraalkyl ammonium or phosphonium 
salts impregnated on silica. 
Quici and Regen (1979) report the use of neutral alumina as a catalyst in a solid-liquid 
biphasic reaction. Alumina by itself is found to catalyze the iodide, cyanide and acetate displace­
ment of 1-bromooctane and also the permanganate oxidation of alcohols. The rates are 
compared with those with 18-crown-6 catalysts. For chloride and cyanide displacements alu­
mina is found to be better than even the crown while for acetate and iodide the crown is better. 
Use of a third liqpiiH phasp 
In yet another version of triphase catalysis, the phase transfer catalyst is maintained as 
an insoluble third phase between the aqueous and organic phases (Newmann and Sasson, 1984; 
Wang and Weng, 1988; Mason etal., 1991;Correia, 1992; Marques etal., 1993). The advantage 
of this form is that the catalyst need not be bound to a solid support; hence the attendant difficul­
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ties of reduced activity and mechanical strength can be avoided. But one of the main practical 
problems associated with such a system is the development of a third phase with low miscibility 
in either of the two main phases by extraction. A special solvent like floiirocarbons can be used 
for the third phase but it poses serious environmental concerns. 
2.2. Characterization of Triphase Catalysts 
The most reliable method of characterizing polymer supported catalysts is by specific 
analysis of the functional groups present in them. The amount of chloride or bromide ions re­
leased in the synthesis of a quaternary ammonium or phosphonium catalyst is a good indicator 
of the degree of functionalization. The degree of functionality of chloromethylated polystyrene 
can be obtained by displacement of chlorine by pyridine (Feinberg and Merrifield, 1974). Resins 
immobilized with crown ethers can be analyzed for their degree of functionalization by reacting 
them with salts containing indicator groups like picrate and analyzing them by photometric or 
similar methods. Quantitative NMR spectroscopy has been used to determine the amount 
of chloromethyl groups produced by fi-ee radical chlorination of poly /T-methylstyrene (Mohan-
raj andPord, 1986). Quantitative NMR spectroscopy can be done by peak area comparisons 
with the aromatic peak of polystyrene knowing the spin-lattice relaxation times and the nuclear 
Overhauser effects (Ford et al., 1984). 
Some qualitative information about the degree of functionalization can be obtained from 
infrared and NMR spectra. It has been found that the chloromethyl groups bound on polysty­
rene can be identified by 1260 cm~^ IR band and 46.5 ppm NMR peak. The polystyrene 
groups not bound to the catalyst have a 65.1 ppm NMR peak (Ford and Yacoub, 1981; Man-
att et al., 1980). FTIR spectrometry can be used to obtain the IR spectra of supported and unsup­
ported catalysts, and by subtracting the spectrum for the unsupported catalyst information about 
the functional groups bound to the polymer support can be obtained (Manatt et al., 1980; Ford 
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et al., 1984). It has been found that the functional groups bound to silica gel give high resolution 
NMR spectra when they are well solvated (Shinoda and Saito, 1982). Cross Polarization 
and Magic Angle Spinning (CP/MAS) has been used to obtain narrow line width ^^C, ^^Si and 
spectra (Fyfe,1983). 
Another common method used for characterizing polymer bound phase transfer catalysts 
is the elemental analysis of nitrogen, sulfur, phosphorus or halogen. These methods are inaccu­
rate, the accuracy decreasing with decreasing degree of functionalization (Tomoi and Ford, 
1988). 
2.3. Activity of polymer supported catals^sts 
Various parameters that affect the rates and selectivities of triphase catalyzed reactions 
have been identified and smdied in detail (Chiles et al., 1980; Tomoi and Ford, 1981; Heffeman 
and Sherrington, 1983; Montanari et al., 1983). In this section we present an overview of the 
effect of some of the important factors. 
Active site structure 
The same factors that govern the lipophilicity and anion activation of soluble quaternary 
salts also affect catalytic activity in supported PTC. The lipophilicity of the PTC attached to the 
support is an important factor since the diffusion rates of organic and ionic species into the poly­
mer depend on this (Regen, 1975). It has been found that catalysts having tributyl groups are 
much more active than the ones with trimethyl groups (Tomoi and Ford, 1981). However, it has 
been observed in some cases that commercial anion exchange resins bound with trimethyl 
groups have higher reactivity than the triphase catalysts bound with PTC with a larger cation 
(Arrad and Sasson, 1989). This has been attributed to the fact that in the case of anion exchange 
resins, the catalytic active site is maintained less hydrophihc by restraining the aqueous phase 
from reaching them. The effects of other catalytic functional groups like crown ethers, cryp-
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lands, and polyethylene glycol have been discussed in detail elsewhere (Yamashita et al., 1977, 
1978; Anelli et al., 1984; Hodge et al., 1984; Kelly and Sherrington, 1984; Kobayashi, 1984; 
Kahana et al., 1985; Shan et al., 1989). 
Percentage ring substitution (catalvsf: InaHingr^ 
In reactions where the intrinsic reaction rates are higher (mass transfer controlling), we 
would expect that the rates of reaction would increase with increase in percent ring substitution 
of the catalyst. However, in cases where the organic phase reaction is rate limiting, it has been 
found that increase in ring substitution reduces the reactivity (Tomoi et al., 1982). This is be­
cause in reactions where the kinetics is rate limiting, increase in ring substitution tends to make 
the catalyst more hydrophilic thus reducing the reactivity. The effect of percent ring substitution 
on reactivity is more pronounced in the case of a more hydrophilic reagent like chlorooctane than 
bromooctane. Also, in the case of catalysts bound on ion exchange resins, it has been observed 
that the type of nucleophile plays an important role in overall activity. Hence, for soft nucleo-
philes like iodide the reactivity decreases linearly with increase in ring substitution, whereas for 
nucleophiles like bromide there is a rate maximum (Cinquini et al., 1976; Molinari et al., 1977; 
Montanari andTundo, 1981). 
Spaopr phfliTi 
It has been observed that the presence of a spacer chain increases the reactivity. The 
spacer chain makes the catalyst function close to its soluble form by rendering it readily available 
through oscillation between the two phases. Also, in the case of PTC molecules with large cat­
ions, in the absence of a spacer chain, the catalyst molecules are clustered together and hence 
have low reactivity. The presence of a spacer chain makes the catalyst sites available for reaction 
(Chiles et al., 1980; Akelah and Sherrington, 1982; Idoux et al., 1983; Montanari et al., 1983). 
17 
Polymer structure 
The structure of the polymer support is affected by the degree of crosslinking, polymer 
chemical composition, degree of porosity, etc. It has been observed that the reactivity decreases 
with increase in degree of crosslinking. Increase in crosslinking (1) increases the diffiisional 
resistance in the catalyst due to increase in porosity, and (2) affects the degree of swelling of the 
catalyst and hence reduces activity. Also, the chemical composition of the polymer support af­
fects properties such as elasticity and hydration of the catalyst. It has been observed that decrease 
in hydration of the polymer support increases the activity (Arrad and Sasson, 1989). Micropo-
rous resins have been found to be more active than macroporous ones. This is attributed to the 
fact that, in the case of macroporous catalysts, the pores are filled with the organic phase, thereby 
affecting the rate of diffusion of the inorganic phase into the catalyst support (Ford and Tomoi, 
1984). 
MifirpHflTieous effects 
(1) It has been observed, as in any mass transfer influenced reaction, that the reaction 
rates increase with increase in agitation till a point where external mass transfer is no longer ef­
fective. Use of ultrasound has been found to enhance the effectiveness of mixing, resulting in 
increases in reaction rates much higher than with mechanical or magnetic stirring (Ragaini et 
al., 1988, 1990). 
(2) The swelling power of a solvent affects catalyst activity. It has been found that a 
catalyst loaded on highly swollen gels is more active due to decreased diffiisional limitations. 
Tomoi et al. (1984) claim that the intrinsic activity is also higher in swollen polymers. 
(3) Concentrated aqueous solutions of inorganic reactant give higher yields in displace­
ment and alkylation reactions since concentrated salt solutions extemal to the polymer support 
limit the amount of water in the catalyst gel phase by osmosis, thus limiting anion hydration and 
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leading to an increase in anion activity. Ohtanietal. (1981) report increasing catalj^c activity 
with decreasing amount of water imbibed in the catalyst. Also, a greater concentration of the 
reactant anion in the aqueous phase provides a greater flux of anions to the active sites within the 
gel phase. 
(4) Reaction is faster when the organic reactant partitions favorably into the polymer gel 
phase. For example, Balakrishnan and Ford (1982) found that alkylation of phenylacetonitrile 
with aqueous NaOH proceeded more rapidly when the polystyrene bound ammonium salt cata­
lyst was first swollen in phenylacetonitrile (swelling ratio = 3) and then 1-bromooctane added, 
than in the case where the catalyst was first conditioned in 1-bromooctane (swelling ratio = 1.4) 
and phenylacetonitrile added later. 
2.4. The Diffiiision-Reaction. Problem in Triphase Catalysis 
Triphase catalyzed reactions can be classified into three kinds depending on whether the 
inorganic reagent is present in the solid, liquid, or gaseous phase. In the case of liquid-liquid-
solid triphase catalysis, the inorganic reagent is present in the aqueous phase; in solid-liquid-
solid triphase systems, the inorganic reagent is present in the solid form; whereas in gas-liquid-
solid systems, the inorganic reagent in gaseous form is bubbled through the reactor containing 
the liquid organic phase and solid catalyst. A classification of triphase catalysis is given in Table 
1 along with examples. The general theory of fluid-solid-fluid reactions are described in con­
siderable detail by Doraiswamy and Sharma (1984). This, however, does not cover the specific 
situations associated with triphase catalysis as described below. 
General considerations 
The overall activity of polymer supported phase transfer catalysts, as in any solid cata­
lyst, depends on such traditional factors as (i) external mass transfer, (ii) intraparticle diffusion, 
and (iii) intrinsic reactivity. The distinguishing feature of polymer bound triphase catalysis is. 
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however, the influence of polymer swelling on diffusion-reaction. We shall restrict the discus­
sion to this aspect of the problem. 
In the case of reactions which are internal diffusion limited, it is well known that the rates 
increase with decrease in particle size. Another variable which affects intraparticle diffusion and 
which is unique to polymer supported systems is the degree of crosslinking. As the degree of 
crosslinking increases, the polymer swells less, diffusion of reactants into the polymer support 
is slower, and the reaction tends to be limited by intemal diffusion. On the other hand, with de­
crease in degree of crosslinking, the polymer support swells more and the reaction is not limited 
by intraparticle diffusion. Experiments can be carried out with polymer support of decreasing 
crosslinking till a point where any further decrease in crosslinking does not produce any appre­
ciable change in the overall reaction rate. 
The intrinsic reactivity is also affected by the physical nature of the triphase system in 
which diffusion and reaction are important factors. These factors can be classified into two cate­
gories: (1) those which affect the reaction rate due to changes in polymer stracture, and (2) 
those which affect the reaction rate due to changes in the organic and aqueous phases. Intrinsic 
reactivity increases with increase in catalyst loading, which is directly related to the degree of 
functionalization, DF. Thus, in order to obtain an optimum polymer support, a DF no higher 
than that at which the reaction rate is limited by intemal diffusion is needed. Another factor 
which increases intrinsic reactivity is the presence and length of the spacer chain. There is an 
optimal chain length which provides maximum reactivity. Among the factors which affect the 
organic and aqueous phases, solvent type and inorganic reagent concentration in the aqueous 
phase are important. A good organic solvent increases the swelling of the polymer support, 
thereby increasing the reactivity. A high concentration of inorganic reagent in the aqueous phase 
decreases the amount of water present in the polymer support and increases the activity by pro­
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viding a less hydrated anion for the reaction. Also, increase in concentration of inorganic reagent 
increases the reactivity by increasing contact of the reagent with the active sites. 
Some of the factors which affect the intrinsic reactivity also affect intraparticle diffusion. 
For example, choice of organic solvent affects the intrinsic reactivity by its distribution in the 
polymer support, and also the intraparticle diffusion through the degree of swelling. 
Ligmd-Iiquid-solid triph^sf^ catalysis 
A liquid-liquid-solid triphase catalytic reaction can typically be represented as 
where !2"''^~is the phase transfer catalyst, RX is the organic reagent, M^Y~ is the inorganic re­
agent and is the product. The mechanism proposed by Starks (1971) for phase transfer cataly­
sis can be explained as follows. The phase transfer catalyst Q*X~ reacts with the salt of alkali 
metal M'^Y~ in the aqueous phase to form the ion pair Due to the lipophilic character of 
Q*, the anion y~is extracted through the phase boundary into the organic phase where the reac­
tive anion Y~ comes into contact with the alkyl halide and the displacement reaction takes place. 
The PTC then returns to its original form and the cycle continues. In the mechanism outlined 
above, we can see that the process is not 'catalyzed' by a quaternary salt. The term 'phase trans­
fer catalysis' is applicable only because the catalyst is recovered after the reaction cycle is com­
pleted. Svec (1989) describes this phenomenon as controlled extraction of reactive anion from 
the aqueous phase to the organic phase. 
While Starks' mechanism was developed forphase transfer catalyzed systems where sol­
uble PTC is used, it has been widely accepted as the mechanism for polymer supported catalysis 
also. There are a few questions that militate against the validity of this assumption, however. 
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In the case of soluble phase transfer catalysis, the migration of ions in both phases is assumed 
to be unrestricted. However, this assumption is not valid in the case of polymer supported cataly­
sis since the cation of the PTC is inraiobilized on the support. Also, as suggested in the model, 
in order for the polymer supported catalyst to be active, the polymer chain bearing the catalyst 
should either be present at the boimdary separating the phases or should oscillate between them. 
A typical phase transfer catalyzed reaction on a polymer support may be considered to 
proceed in the following series of steps: (1) diffusion of the inorganic reagent from the bulk to 
the surface of the catalyst particle; (2) diffusion of the organic phase dispersed in the bulk inor­
ganic phase into the catalyst; (3) diffusion of the organic reagent from the dispersed phase onto 
the catalyst surface; (4) intraparticle diffusion of the reactants into the pores of the catalyst; (5) 
reaction of the inorganic reagent with the catalyst molecule inside the pores of the support; (6) 
reaction of the organic reagent with the catalyst molecule with extracted anion; and (7) diffusion 
of the products from the interface to the bulk of the liquid phases. 
The distinguishing feature of the triphase system is that it provides the scenario for one 
of the most complicated cases of the diffusion-reaction problem. For reactions to occur, the or­
ganic and inorganic reactants have to diffuse in their respective bulk phases. Also, the organic 
reactant, after diffusing in its bulk phase, has to come in contact with the active catalyst at the 
pore surface. Added to this is the fact that the organic phase is dispersed in the aqueous phase 
and hence the organic phase droplets have to diffuse into the pores themselves. While the dis­
persed phase is being transported into the catalyst, there is simultaneous diffusion of the substrate 
within the dispersed phase itself. 
A schematic of liquid-liquid-solid triphase catalysis is shown in Figure 1. The mecha­
nisms proposed for the reaction can be classified into two categories. In the first, it is assumed 
that the polymer matrix is initially in equilibrium with the aqueous and organic phases. The mol­
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ecules of the reactive species then diffuse into the matrix following which reaction occurs at the 
active sites containing the phase transfer catalyst (Tomoi and Ford, 1981). This has been hypoth­
esized based on the experimental finding that both the organic and aqueous phases migrate into 
the polymer matrix (Periyasamy and Ford, 1985). Alternatively, it has been proposed that the 
catalytic action is brought about by the spacer chains which navigate the phase transfer catalyst 
from one phase to the other for reaction to occur. This hypothesis is based on the experimental 
finding that catalytic activity increases with spacer chain length. In the case of triphase catalysis, 
both these mechanisms may well be simultaneously operative. 
Telford et al. (1986) studied the effect of phase ratio of organic to inorganic solvents on 
the rates of a PTC reaction carried out on a low percent ring substituted microporous polystyrene 
resin. They found that the organic solvent readily displaces the aqueous phase in the polymer 
support and that the aqueous phase diffuses slowly into the polymer support. The reaction tends 
to be aqueous phase diffusion controlled. This led them to propose an alternating shell model 
for the triphase system. In this model, the catalyst particle is initially assumed to be swollen with 
the aqueous phase. When the organic phase is added, it quickly displaces the aqueous phase, and 
reaction takes place within the catalyst. While the reaction is proceeding within the catalyst, the 
aqueous phase slowly diffuses into the polymer support and the catalyst is regenerated. The 
aqueous phase is again displaced with the organic phase, and so on. The main drawback of this 
model is that with slow diffusion of the aqueous phase into the catalyst and fast diffusion of the 
organic phase, the reaction rates should keep decreasing as the reaction proceeds since the cata­
lyst is not regenerated by the aqueous phase as fast as it is consumed by the organic phase reagent. 
It must be noted that there is a thin aqueous film surrounding both the catalyst particle 
and the organic phase droplet While the anion present in the aqueous phase can freely migrate 
from the bulk aqueous phase into the polymer support, the mechanism by which the organic re­
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agent reaches the surface of the catalyst through the aqueous film is not clear. The organic phase 
contact model proposed by Tomoi and Ford (1981) and the alternating shell model proposed by 
Telford et al. (1986) ignore the presence of this aqueous film. 
S vec (1989) proposed a mechanism for polymer supported phase transfer catalysis based 
on an analogy with emulsion polymerization. There are three phases in emulsion polymeriza­
tion: (1) organic phase containing the unpolymerized monomer, (2) aqueous phase containing 
the initiator, and (3) polymer particles. Here the organic phase is transported through the 
aqueous phase to form the polymer. Svec analogically assumed that the organic phase in a tri-
phase catalyzed system will also be soluble in the aqueous phase and hence the polymer support 
will be in equilibrium with both the aqueous and organic phases whereupon the phase transfer 
catalyzed reaction proceeds. The basis of his model is that the limited solubility of the organic 
solvent in the aqueous phase would be sufficient to reach equilibrium. For example, the solubili­
ty of toluene in water is about 0.05 % in water at 25°C. This model may not adequately explain 
situations in which the organic solvent is insoluble in water. 
While mechanistic models such as the above have been proposed by some research 
groups for about a decade, the first attempt to mathematically model triphase catalysis was re­
ported only as recently as 1991. In this model, Wang and Yang (1991) proposed a pseudo-steady 
state approximation of the system and compared it with experimental results obtained on the al-
lylation of 2,4,6 tribromophenol. The results indicate that the pseudo-steady state approxima­
tion predicts the behavior of the system reasonably well (error in prediction of the apparent rate 
constant varies from 0-9.3%). Wang and Yang (1992) also proposed a dynamic model of the 
triphase catalysis system and compared the results with the experimental results of the same sys­
tem. While the model predicts the behavior of the system, there are some intriguing questions 
about it that need to be addressed. For example, the model proposed by them assumes the 
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aqueous phase ion exchange reaction to be irreversible. While this assumption is valid for the 
particular reaction studied (Wang and Yang, 1991), most ion exchange reactions are reversible 
(Starks, 1994). Also, in their simulation smdies Wang and Yang use the diffusivities of organic 
and inorganic reactants calculated from the Wilke-Chang correlation which is valid only for ho­
mogeneous bulk phases. We need to use effective diffusivities of the reactant species in the po­
rous catalyst instead. The diffusivity values in the bulk phases are modified by the porosity and 
tormosity of the catalyst. This brings us to the problem of defining an effective diffusivity for 
a triphase system involving species diffusing in two immiscible phases within a catalyst pellet. 
In traditional chemical engineering analysis, the problem of effective diffusivity of gaseous spe­
cies is addressed by a combination of Knudsen and bulk diffusivities. However, in the case of 
triphase catalysis, the effective diffusivities of reactants in inhomogeneous liquid phases inside 
a catalyst will be a function of the pore volumes occupied by these phases and hence of the parti­
tion coefficients of the two phases in the catalyst pellet. 
Solid-liquid—solid triphase catalysis 
In this system, the inorganic reagent is in the form of solid powder. A schematic of the system 
is shown in Figure 2. There are only a few cases of triphase catalysts reported in which a solid 
reagent reacts with the organic reagent in a polymer support coated with the phase transfer cata­
lyst (Yanagida et al., 1979; MacKenzie and Sherrington, 1980; Manecke et al., 1981; Hodge et 
al., 1984; lizawaetal., 1987; Arrad and Sasson, 1989,1991). Some of the interesting questions 
concerning these reactions are: the mechanism of transport of the solid reagent into the catalyst 
particle, and the nature of the reaction of the polymer bound phase transfer catalyst with the solid 
reagent. 
In the reaction between potassium phenoxide and an alkyl halide, mechanical contact be­
tween the solid salt and the resin bound catalyst is a prerequisite for efficient reaction. It has been 
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proposed that during the surface interaction, polyether groups attached to the exterior of the resin 
solubilize or complex with K"''OPh~ which is then transferred rapidly to the interior of the resin 
via the network of polyether chains. Anions might be transferred to the interior of the solid sup­
port by a surface diffusion process, involving jumps from one catalyst site to another. This re­
quires a higher degree of loading of the solid support (Arrad and Sasson, 1991). 
Tomoi and Ford (1988) note that solid-solid-liquid PTC reactions are not as well under­
stood as solid-liquid-liquid reactions, and problems such as irreproducible results, difficulty in 
controlling experimental variables like state of division and water content of the solid reagent, 
etc. may plague the system. No attempt has been made to mathematically model this system. 
Gras—solid—liquid triphase catalysis 
In gas-liquid triphase catalyzed systems, reaction takes place between the inorganic re­
agent in aqueous phase and the organic reactant vapors over the triphase catalysis. Extensive 
work has been done in this area by Tundo and his coworkers (see Tundo et al., 1989; Tundo, 
1991). However, a mechanism describing how the gas phase organic reagent diffuses into the 
catalyst to react with the inorganic anion has not been proposed yet. 
3. Mathematical Modeling of Triphase Catalytic Reactions 
3.1. Development of Model 
Let us consider a triphase system consisting of two immiscible liquid phases and a solid 
catalyst phase. A dynamic model can be developed by writing appropriate time dependent equa­
tions for the concentrations of catalyst, and of the organic reactant and inorganic anion within 
the catalyst particle and in the bulk aqueous and organic phases. 
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A triphase catalytic reaction reaction can be represented as 
^1 
hi + O^X'r.s RY^or,) 
where M'*'Y~andRX(org) represent the inorganic reactant in the aqueous phase and organic reac-
tant in the organic phase, respectively, and Q'*'X~(s) and Q'^Y~(s) are the phase transfer catalysts 
within the pellet, Q'*'X~(s) being the active form of the catalyst RY is the organic product. 
The overall reaction consists of the ion exchange reaction in the aqueous phase and the 
reaction in the organic phase. The ion exchange reaction is usually a fast reaction and hence can 
be considered to be in equilibrium. The mass balance of the active form of the catalyst (QX) 
within the catalyst pellet can be written as 
Since the overall concentration of the phase transfer catalyst in the particle remains constant at 
any time, we can write 
kiCyCqx + k_iCQyCx + (1) 
^QXfi ~ ^QY ^QX (2) 
Similarly, the overall balance of ionic species in the aqueous phase is given by 
^Y,o ~ (3) 
Incorporating the overall concentrations (Cq^q, Cyg) in eq 1, we have 
(4) 
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Also, we can write the mass balance for the organic and inorganic species in the catalyst 
as 
~ ~ ^2^RX(^QX,0 ~ (5) 
~df ~ ~d^ ~ ~ ^^(^0X^0 ~ (^r.o ~ ^k) j (6) 
The initial and boimdary conditions for the above defining equations are 
t=0: Cj^, Cy = 0 Cqj( = Cq^q (7) 
^0, = 0 (8) 
dC 
r=R: = kpjf^Cgxj, — Ckxj) (9) 
dCj 
dr 
where kjnx snd ky represent the mass transfer coefficients of RX and Y in the bulk phases. The 
flux conditions represented by eqs 9 and 10 relate the rates of mass transfer from the catalyst 
particle to the bulk phases. 
The bulk phase mass balance equations for the organic and the inorganic species can be 
written as 
- V,n = kg^VUCgxj, - CsxJ (I I) 
dC 
- = kyaV^Cyj, - CrJ (12) 
The initial conditions for these equations are 
t = 0 : ^RXJb ~ ^^.0' ^YJb ~ ^Y,o 
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The above equations can be expressed in dimensionless fom[i by introducing reduced 
variables and defining a Thiele modulus and a Biot number as 
<f> = 
~ ^RX^/^RX (^5) 
The dimensionless forms of the equations are 
For the catalyst phase 
= - 't'\mxCyC-!sc - 7^2(1 - Cat) (1 - CJ) - - cy] (16) 
= (17) 
- a,(l - Cex)(l - C-y)] (18) 
with initial and boundary conditions 
r  =  0 :  C * ^ = C y = 0 ,  C*QX = 1 (20) 
dCoY dCt (0 = 0: -3^ = ^ = 0 (21) 
da) do) ^ 
< 0 = 1 :  = BimiCfRxjb - (^RxJ) (22) 
^ ^ (Crj, - CyJ (23) 
For the bulk phases 
-9'cJ^ = SSi^Ckj, - C^j) (24) 
= 3>«5i„(crr^ - c*y^) (25) 
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with initial conditions 
t = 0 C*Kxj> = Cyj, = 1 (26) 
In writing the dimensionless equations, the following dimensionless variables have been used: 
— .£bX ^ ^ Crx f-< > w ^ QX c 
^/w.o ^y,o ^ ^Qx,o 
^ ^ ^ _ CRXJ} 
^RX,0 ^Y,0 ^RX,0 
r* - « - ^^.0 „ _ 
r * '  n r *  '  *^y.o Qs^Qxsi 
lb = V = i fl = 1 
a — 
"orz _!_<•» ^OQ 
^org + ^org •'• ^ aq 
, _ K?rg 1 1 
^caX^OT% "f" £a^' ^cat^org ^aq 
k-t k-t ^oyt f 
The above model can be simplified by considering the ion exchange reaction to be irre­
versible. Equations 16,17 and 18 then become 
dC* 
^Qx = ~ ~ <^x)] (27) 
= 09) 
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These are identical to the equations derived earlier by Wang and Yang (1992). la general, how­
ever, the ion exchange reactions are reversible. Equations 12-21 represent the dimensionless 
equations for the triphase catalyzed reaction system. These equations can be solved numerically 
by using finite difference methods to obtain the concentrations of reactants and products as func­
tions of time. 
The assumptions made in deriving the model are: 
1. The triphase reaction is a combination of independent reactions in the aqueous and 
organic phases. 
2. The reactions are elementary in both aqueous and organic phases. Though there is 
no experimental basis for this assumption, it serves to simplify the theoretical treatment. It may 
be noted, however, that many PTC reactions are known to be first order. If the reaction rates 
are non-first order, eqs 1,5 and 6 become 
When cast in dimensionless form, they give new dimensionless groups, leading to complicated 
equations, but they can be solved numerically. 
3. The diffusivities of the reactants in their bulk phases are assumed to be independent 
of concentration. It has been observed in the case of zeolite catalysts that the diffusion coefficient 
is a function of concentration (Karger and Ruthven, 1992) and this may well be true for triphase 
catalysts. However, as a first approximation the diffusivities have been assumed to be constant. 






5. The mass transfer coefficients of the inorganic and organic reactants in their respective 
phases are independent of the presence of the other phase. This may not be true. 
6. Reaction is isothermal and the bulk phases to be well mixed. 
3.2 Results and Discussion 
In order to study the effect of different parameters on the behavior of the triphase catalyst 
system and to identify the controlling regimes, eqs 16-26 were solved numerically. Finite differ­
ence approximation was used to discretize the equations with respect to the space variable and 
the resulting system of ordinary differential equations was solved using the Backward Differ­
entiation Formula method with NAG subroutines. The range of parameter values used in the 
simulations is shown in Table 2. 
Figures 3-5 show the dimensionless concentrations of QX., RX and Y within the catalyst 
pellet. These values were obtained for a Thiele modulus of 20, which represents a condition of 
strong pore diffusional limitation. We can see that at initial times, the catalyst is essentially im-
reacted at the center, and as the time progresses, its concentration decreases. 
Figure 4 presents the concentration of the organic reactant as a function of radial position 
at various times. The behavior shown in this figure appears somewhat intriguing since a maxi­
mum in the reactant concentration is observed at all radial positions, the acmal value of the maxi­
mum depending on x and co. This can be explained as follows. During the initial stages of the 
run, there is a progressive concentration build-up of the organic reactant in the outer regions of 
the catalyst with no accompanying reaction. After a critical time, when the reaction commences, 
the concentration decreases throughout the catalyst. This combination of initial concentration 
build-up, reaction and diffusion leads to this maximum. The central feature here appears to be 
the existence of an induction period before the reaction commences, although this period is 
32 
small. No such induction period due to the interplay of diffusion and reaction has been observed 
in conventional solid catalysts for single reactions. 
Figure 5 shows the concentration profiles of the inorganic reactant at different times. 
Concentration of the inorganic reactant decreases steadily from the surface to the center of the 
catalyst, which conforms to the normal trend. Figures 6 and 7 show, respectively, the concentra­
tions of the organic and inorganic reactants as functions of time at different radial positions. Fig­
ure 6 confirms the presence of a maximum in organic reactant concentration within the catalyst 
pellet. Figure 8 shows the concentrations of the organic and inorganic reactants in the bulk 
phases. It can be seen that the curves are essentially linear as would be expected. 
As in conventional heterogeneous catalysis, we can study the role of diffusion in triphase 
catalysis systems by defining an intraparticle effectiveness factor. We base this definition on the 
organic phase reaction since it is controlling: 
I 
Vi = 7 T" 
^2^RX^(^QX,0 ~ ^QX,s)^ 
In dimensionless form, the triple integral in the numerator of eq 33 reduces to a single integral, 
and the equation becomes 
1 
3 \ Ch{i -
It = 7 — (34) 
~ ^t2X,s) 
Using the above equation, the effect of reversibility of the aqueous phase reaction was 
studied by varying the equilibrium constant Typical values of the equilibrium constant for ion 
exchange reactions are 0.01 - 10.0 (Starks, 1994). Figure 9 shows the effectiveness factor at 
different times for (1) Keq tending to infinity (which represents irreversible reaction), and (2) 
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Keq = 0.1. We can see that the effectiveness factors for systems in which the aqueous phase reac­
tion is reversible are lower than would be obtained by assuming the reaction to be irreversible. 
We can also see that for K^q =0.1 at low internal diffusion resistances, there is a maximuTn in 
effectiveness factor. Hence for triphase reaction systems, there could be an optimal reaction time 
corresponding to maximum effectiveness of the catalyst. Studies on esterification reactions 
which correspond to these conditions are in progress in this laboratory. 
Figure 10 shows plots of the effectiveness factor as a function of Thiele modulus for two 
Keq values. We see that the effectiveness factors for a reaction system with reversible aqueous 
phase reaction (which is usually the case) are different from those obtained by assuming the 
aqueous phase reaction to be irreversible. Figure 11 shows the dynamics of the reaction system 
through plots of effectiveness factor vs. Thiele modulus (corresponding to conventional effec­
tiveness factor plots) at different times. It will be noticed that there is a crossover of the plots 
at the lower end of the Thiele modulus scale corresponding to chemical control. Since the cross­
over is observed only for two values of time, no particular significance is being attached to this 
phenomenon. More detailed exploration of this observation is in progress (both experimentally 
and theoretically). 
In order to examine the validity of the model developed in this work, simulation was done 
for the allylation reaction of 2,4,6 tribromophenol. Figure 12 shows the model results corre­
sponding to the simplified case where the aqueous phase reaction is considered irreversible (eqs 
27-29) along with the experimental results of Wang and Yang (1992). We see that the model 
developed in this work, under the simplifying assumptions of the earlier model, match the exper­
imental results. It should be noted that, while the assumption of irreversibility is valid in this 
case, it may not be true for most reactions. Hence the more comprehensive model developed 
here should be used. 
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4. Smnmary and Conclusions 
Phase transfer catalysis in general, and triphase catalysis in particular, are certain to in­
creasingly attract the attention of reaction engineers. Even the limited smdies reported so far 
on the interactive roles of diffusion and reaction clearly point to the enormous complexity of the 
system, particularly for one involving triphase catalysis. 
In order to attract attention to this important field, a brief review of triphase catalysis has 
been given. Support synthesis in triphase catalysis is particularly important in controlling and 
directing the role of diffusion in this complex system whose reaction-diffusion behavior is great­
ly influenced by the reaction envuronment. Earlier studies by Wang and Yang (1992) have estab­
lished a methodology for analyzing triphase catalyzed reactions. In the present study, the limita­
tions of this approach have largely been removed (particularly the irreversibility of ±e aqueous 
phase reaction) and a more general dynamic model developed. Simulations using this model 
for values of parameters in the range of practical interest have led to the following interesting 
conclusions: 
(1) Effectiveness factors and conversion obtained from simulation smdies by consider­
ing the aqueous phase reaction to be reversible are different from those by considering it to be 
irreversible. 
(2) There is a maximum effectiveness of the catalyst at a particular time for systems at 
conditions corresponding to low internal mass transfer resistances. 
(3) The effectiveness factor plots for the cases of irreversible and reversible inorganic 
phase reactions intersect each other (Figure 10). Although more extensive numerical and exper­
imental smdies are needed, it appears that increasing reversibility shifts the crossover point in­
creasingly towards the chemical control region. It would also appear that for a given equilibrium 
constant, there is an optimal value of Thiele modulus beyond which the presence of the revers­
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ible reaction enhances the rate. This can be useful in manipulating the reaction conditions like 
initial reactant concentration to get maximum effectiveness of the catalyst. 
Although triphase catalysis has so far not lived up to its initial promise of being a superior 
alternative to soluble PTC, studies now in progress clearly point to its emergence in the near fu­
ture as a distinctly attractive alternative. The crux of the problem seems to lie in the sjoithesis 
of a support with optimal diffusion-reaction characteristics. 
Nomenclature 
a = area per unit volume of the catalyst 
Bim = mass Biot number 
Cqx = concentration of the active form of the catalyst 
Crx = concentration of organic reactant 
Cy = concentration of the inorganic reactant 
Cqy = concentration of the inactive form of the catalyst 
= dimensionless concentration of the active form of the catalyst 
CfiX = dimensionless concentration of organic reactant 
Cy = dimensionless concentration of the inorganic reactant 
Cqx,o = initial concentration of the PTC 
Cy,o = initial concentration of the inorganic reactant. 
CRx,b = bulk concentration of the organic reactant 
Cy^b = bulk concentration of the inorganic reactant 
Crx,s = concentration of the organic reactant on the surface of the catalyst 
Cy,s = concentration of the inorganic reactant on the surface of the catalyst 
9)^ = effective diffiisivity of the organic reactant 
9)y = effective diffusivity of the inorganic reactant 
DF = degree of functionalization of the catalyst. 
= intrinsic reaction of the forward reaction in the aqueous phase 
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= intrinsic reaction of the reverse reaction in the aqueous phase 
^2 = intrinsic reaction rate constants 
Keq = equilibrium constant for the aqueous phase reaction 
kgx — mass transfer coefficient of organic reagent in bulk organic phase 
ky = mass transfer coefficient of inorganic reagent in aqueous phase 
= Inorganic product in the aqueous phase 
= Inorganic reagent in the aqueous phase 
QK(s), QY^s) ~ solid pellet catalyst in aqueous and organic phases 
KX(prg) ~ organic reagent in the organic phase 
RY^org) ~ organic Product 
t = time 
Vcat — volumes of catalyst phase 
Vorg^ Vaq = volumes of organic and aqueous phases 
Greek Symbols 
a I = ratio ^1/^2 
02 = ratio 
Yrx = ratio of q over QsCqx^q 
Yy = ratio of Cy o over QsCqx^q 
£org = volume fraction of the organic phase in the catalyst pore 
Saq = volume fraction of the aqueous phase in the catalyst pore 
rji = effectiveness factor 
(p = Thiele modulus (based on organic phase reaction) 
Oqx = the ratio i— 
^ ^org ^ ^ aq 
darp = the ratio o g "ic l uvj , 
^org • ^aq 
9aq = the ratio tt;— 
~ ^aq 
d'org = the ratio 
"cat^org ^ ^aq 
37 
Baa = the ratio Van 1 
Vcat^org ~ ^ aq 
®y V = the ratio of effective diffusivities r;r-^ 
®RX 
kv X = ratio of mass transfer coefficients 
^RX 
Qs = density of the solid 
SDdv? T = dimensionless time ^ 
{^org "I* 
(0 = dimensionless radius, ^ 
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Table 1. Examples of Triphase Cataljrzed Reactions. 
Qassification Application References 
1. Liquid-liquid-solid Oxidation reactions 
a. Ketones Jacobson et al., 1979 
b. Alkenes Taylor and Flood, 1983 
Asymmetric synthesis Dolling et al., 1984 
Bhattacharya et al., 1986 
Yamashita et al., 1978 
Cyclization reactions Kimura and Regen, 1983 
Kimuraetal., 1983 
2. Liquid-solid-solid Oxidation reactions Hodge et al., 1984 
AUcylation reactions MacKenzie and 
Sherrington, 1980 
3. Gas-solid-liquid Esterification reactions Angeletti et al., 1983 
Isomerization reactions Neumann and 
Sasson, 1984 
Dialkyl carbonate 
reactions Romano et al., 1980 
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Figure 1. A schematic of liquid-liquid-solid triphase catalysis. 
Q+X-
9 Inorganic Reagent M+Y" (solid) 
O Organic Reagent RX 
O Organic Product RY~ 
• Phase Transfer Catalyst Q'^'X" 












0.2 r = 7.0 
T = ion 
0.6 0.2 0.3 0.5 0.7 0.8 0.1 0.4 0.9 
Figure 3. Concentration of active form of catalyst as a function of radial position at 
various times within the catalyst. Bim = 100.0; K^q = 10.0; <f> = 20.0. Values of 
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Figure 4. Concentration of the organic reactant as a function of radial position at various 
times within the catalyst Bim = 100.0; K^q = 10.0; (p = 20.0. Values of the other 
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Figure 5. Concentration of the inorganic reactant as a function of radial position at 
various times within the catalyst Bi^ = 100.0; K^q - 10.0; <p = 20.0. Values of 
the other parameters are listed in Table 2. 
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Figure 6. Concentration of the organic reactant as a function of time at various radial 
positions within the catalyst. Bim = 100.0; Kgq = 10.0; 0 = 20.0. Values of the 
other parameters are listed in Table 2. 
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Figure 7. Concentration of the inorganic reactant as a function of time at various radial 
positions within the catalyst. = 100.0; K^q = 10.0; <f> = 20.0. Values of the 










Figure 8. Concentrations of the organic and inorganic reactants in the bulk phases as a 
function of time. Bim = 100.0; K^q = 10.0; <f> = 20.0. Values of the other 
parameters are listed in Table 2. 
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Figure 9. Intraparticle effectiveness factor as a function of dimensionless time. Solid 
lines represent irreversible reaction {K^q -> «>) and dotted lines represent a 













Figure 10. Intraparticle effectiveness factor vs Thiele modulus. Bini=IOO.O. The solid 
line represents irreversible reaction (Keq «») and the dotted line represents a 
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Figure 11. Intraparticle effectiveness factor vs Thiele modulus. K^q = 0.1; Bim = 100. 
Values of other parameters are listed in Table 2. 
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—: Simplified theoretical model of this work 
Model of Wang and Yang 
* X o : Experimental results 




Figure 12. Comparison of the theoretical model with experimental results. Experimental 
values of the parameters for this work were obtained from Wang and Yang 
(1992). 
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CHAPTERS. DYNAMIC MODEL FOR TRIPHASE CATALYSIS: 
NONISOTHERMAL EFFECTS 
A paper to be submitted to Chemical Engineering Science 
Sridhar Desikan and L.K. Doraiswamy* 
Department of Chemical Engineering, Iowa State University 
Ames, Iowa 50011 
Abstract 
Phase transfer catalysis has been in use for over three decades, but triphase catalysis, 
where the phase transfer catalyst is unmobilized on a solid support, is of much more recent ori­
gin. In spite of their significant advantages over soluble phase transfer catalysts, triphase cata­
lysts have not attracted industrial attention. One of the main reasons for the lack of interest in 
the industry in the use of triphase catalysts is the insufficient understanding of the complex diffu­
sion-reaction problem. Significant insight could be gained by mathematically modeling these 
reaction systems. There have been only a few papers that deal with mathematical modeling of 
triphase catalysis, but they do not include nonisothermal effects. In the present paper we develop 
a dynamic model for triphase catalytic system that includes intraparticle heat transfer effects. 
* Author to whom correspondence must be addressed. E-mail: dorai@iastate.edu 
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1. Introduction 
There are many reactions where the reactive species are present in two immiscible 
phases. The fundamental requirement for such reactions to occur is collision between the reac-
tant molecules. Regardless of the amount of energy, external agitation or time of exposure, the 
reaction will not occur if the reactants carmot contact each other. Jarrousse (1951) found that 
the alkylation of cyclohexanol and phenyl acetonitrile can be carried out in a two phase system 
in the presence of quaternary ammonium salts. Maerker et al. (1961) reported that the sodium 
salts of fatty acids could be alkylated by epichlohydrin more readily in the presence of benzyltri-
methyl ammonium chloride. Gibson and Hosking (1965) reported the use of triphenylmethylar-
sonium permanganate for organic oxidation reactions. Around the same time, Makosza pub­
lished a series of papers titled 'extractive alkylation' (1965). In 1965, Starks patented processes 
on "catalysis of heterogeneous reactions." All these examples can be considered as early works 
in the area of two phase reactions involving abstraction of the anion of an inorganic reactant. 
Branstrom had named these reactions of quaternary ammonium salts in nonpolar media as "ion 
pair extraction." However, the term "phase transfer catalysis" (PTC) as coined by Starks has 
been widely accepted and is in general use. 
Before the advent of phase transfer catalysis, the problem of solvating reactants was ad­
dressed by the use of dipolar aprotic solvents such as dimentylformamide and dimethylsulfoxide 
and hexamethylphosphoramide. The downside to using such solvents is that they are costly, hard 
to purify and maintain in anhydrous form, and are difficult to recover once the reaction is com­
plete. An alternative to dipolar aprotic solvents is an additive that solvates the cation in the apolar 
solvent. This frees the anion associated with the cation thus rendering it more reactive. Beta-
diamines have been used to solvate and enhance the reactivity of organolithium compounds 
(Agami, 1970). However, the advantage of a phase transfer catalyst over these two techniques 
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is that in general the phase transfer reactions are milder and one needs to add only catalytic 
amounts of PTC for the reaction to proceed. Today, there are over five hundred industrial pro­
cesses that use phase transfer catalysis as one of the key synthesis steps (Starks, 1994). Some 
of the industrially important PTC processes are listed by Freedman (1986). Detailed reviews 
of PTC reactions have been published (Weber and Gokel, 1977; Melville and Goddard, 1990; 
Dehmlow and Dehmlow, 1993; Starks, 1994), 
In two phase reactions using phase transfer catalysts, the PTC is present in soluble form 
in both organic and aqueous phases. From effective use and product purity considerations, the 
PTC needs to be separated from the product mixture. While methods have been developed for 
effective removal of PTC from reaction mixtures, significant process improvements can be 
achieved by immobilizing the PTC on a solid support. The phase transfer catalyst can be bound 
to an insoluble resin, an inorganic solid, or maintained as a third liquid layer between the aqueous 
and organic phases. The solid-supported phase transfer catalysis is intuitively attractive as it 
provides the heterogeneous form of a homogeneous catalyst. These catalysts can be easily sepa­
rated from the reaction mixture, reused, and can be used in continuous reactors. First studies 
on solid bound phase transfer catalysis were reported as far back as 1952 when resin bound qua­
ternary ammonium hydroxide groups were used to effect cyanohydrin formation, benzoin con­
densation, and cyanoethylation by Schmidle and Mansfield (1952). However, at that time the 
concept of phase transfer catalysis had not yet explicitly emerged. Regen (1975) used quaterna­
ry salts immobilized on insoluble resins for carrying out cyanide displacement reactions. They 
coined the term "triphase catalysis" for the solid supported version of phase transfer catalysis. 
Triphase catalysis, as the name suggests, involves three phases: organic, aqueous and solid cata­
lyst. Despite their advantages over soluble phase transfer catalysts, triphase catalysts have not 
attracted the attention of industry. One of the drawbacks of solid bound PTC is that many reac­
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tions proceed much more slowly with insoluble PTC than with their soluble analogs. Also, the 
cost of immobilized phase transfer catalysts can be prohibitively high. This is attributed to the 
difficulty of commercial synthesis of catalysts with specific concentrations of PTC in them. 
Another disadvantage is that the polymer supported versions of PTC lack the mechanical stabil­
ity for repeated use. It has been reported in the literature that for triphase catalyst to be attractive, 
it has to be active for at least five reaction cycles (Freedman, 1984). 
While the efficacy of phase transfer catalysts has been conclusively proven by its use in 
thousands of reactions involving organic transformations, detailed engineering analysis is con­
spicuously absent in this area This is even more obvious in the area of triphase catalysis. Only 
a few papers have been published to address the complex problem of diffusion-reaction in tri­
phase catalysis (Marconi and Ford, 1983; Wang and Yang, 1991,1992; Pangarkar, 1994; Desi-
kan and Doraiswamy, 1995). In our previous paper in this area, we presented a dynamic model 
of triphase catalysis that takes into account the reversibility of the aqueous phase ion exchange 
reaction. In all the modeling work presented so far, the reactions have been assumed to be isoter-
mal. In the present paper, we develop a nonisothermal model for triphase catalysis. Heat effects 
will be included in the model through Prater's formulation familiar to chemical engineers. Mass 
balance of species within the particle and in bulk solution is coupled with heat balance within 
catalyst particles. General simulation results for triphase catalysis reactions will be presented, 
followed by a case smdy where nonisothermality is likely to have an important effect. The re­
sults from this study will provide the knowledge for scale-up of triphase catalyzed reactions and 
in the use of continuous fixed bed reactors for these reactions. 
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2. Formulation of the Mathematical Model 
The diffusion-reaction problem in triphase catalysis is shown in Fig. 1. A triphase cata­
lytic reaction can be represented in general as 
where M'^Y~ and RX(org) represent the inorganic reactant in the aqueous phase and organic reac­
tant in the organic phase, respectively, and Q^X~(s) and Q*Y~(s) are the phase transfer catalysts 
within the pellet, Q'^X~(s) being the active form of the catalyst. RY is the organic product. The 
reaction mechanism involves the following sequence: diffusion of organic and inorganic reac-
tants in their bulk phases; diffusion of reactants across the external film surrounding the catalyst; 
diffusion through the pores of the support; reaction between the phase transfer catalyst molecule 
QX with the inorganic reactant MY leading to the formation of the active form of the catalyst 
QY followed by the reaction between organic reactant RX with QY to form the product RY; dif­
fusion of products RY and MX to the surface of the catalyst; and diffusion of products across 
the film to the bulk solution. The molar fluxes of products out of the catalyst particle are equal 
to those of the reactants into the solid. Therefore, the steps 4 and 5 need not be considered in 
formulation of the model. 
The overall reaction consists of the ion exchange reaction in the aqueous phase and the 
product formation reaction in the organic phase. The ion exchange reaction is usually a fast reac­
tion and hence can be considered to be in equilibrium. The mass balance of the catalyst (jQX) 
within the catalyst pellet can be written as 
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Qf — ~ ^l^Y^QX + ^-l^QY^X + h^RX^QY (1) 
Since the overall concentration of the phase transfer catalyst in the particle remains constant at 
any time, we can write 
^QX,0 ~ ^QY + ^QX (2) 
Similarly, the overall balance of ionic species in the aqueous phase is given by 
C y j o  ~  ^ Y ^ x  
Incorporating the overall concentrations in eq 1, we have 
^ — ~ ~ ~ (^y,0 ~ ^k) j + ^l^FX [pQXSi ~ ^Qx) 
Also, we can write the mass balance for the organic and inorganic species in the catalyst 
as 
~ ~ ^2^Rx(^QX,o ~ ^Qid (5) 
baq Jf ~ dr{^ ~ ~ ^Qx) (Q.o - Q) j (6) 
The initial and boundary conditions for the above defining equations are 
t=0: Cpx, Cy = 0 Cqx = Cqxj) (7) 




r=R: Qj. = — CgxJ) (9) 
dCv 9)y-^ — kyCCyj, — CyJ) (10) 
where fq^x aiid ky^ represent the mass transfer coefRcients of RX and Y in the bulk phases. The 
flux conditions represented by eqs 9 and 10 relate the rates of mass transfer from the catalyst 
particle to the bulk phases. 
The heat effects due to reaction manifest themselves in the above equations through the 
rate constant expressions. In general, rate constants follow Arrhenius type behavior. In a typical 
triphase reaction carried out in a slurry reactor, the reactants are dissolved in their solvents and 
the PTC is added to the reaction mixture. There are two heat effects involved in this reaction: 
heat of reaction of the organic phase reaction and the heats of ionization of the aqueous phase 
reactant. Since the aqueous phase species are ionized before the triphase reaction starts, the heats 
of ionization will not be considered in our mathematical model. The heat of reaction of the or­
ganic phase reaction is included in the model through a heat balance expression inside the cata­
lyst. At any point within the catalyst, the heat generated or absorbed due to reaction balances 
out the heat transferred to or from the bulk phase liquid. This is in crux the Prater formulation 
used in traditional nonisothermal analysis of reaction. In our model, the bulk phases are assumed 
to be controlled at a specified temperature as is normally done under experimental conditions. 
The heat balance across a catalyst particle can be shown as 
k,(T - rj = D^- ^HglCioc^ - Cffif) (II) 
Heat transferred to the surface Heat released due to reaction 
where is the effective thermal conductivity of the solid support on which the PTC is immobi­
lized, Ts is the temperature at the surface, DeRx is the effective diffusivity of the organic reactant 
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within the solid, and — AH is the heat evolved due to reaction (positive for an exothermic 
reaction). The heat balance term developed above is coupled with species mass balances through 
the rate constant of the organic phase reaction. 
The particulate phase mass and energy balance is combined with the bulk phase con­
centrations. The bulk phase mass balance equations for the organic and the inorganic species 
can be written as 
dC 
~ ~ ^RXP'^cal^RXJb ~ (12) 
dC 
~ dt' ~ ~ (1^) 
The initial conditions for these equations are 
t = 0: = C;jx,0' ^Yj? - ^ y,o 
The above equations can be expressed in dimensionless form by introducing reduced 
variables and defining a Thiele modulus and a Biot number as 
= ^^(0S^2^qx,O/®RX) (15) 
Bim = f^RX^/^RX (16) 
The expression for the Thiele modulus given above is modified to account for nonisothermality 
as follows: 
= R^(eskx.CQxx/^iix> (") 
(18) 
where and f = -^ 
K I s  
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Fromeq. 11 
- 1) = - Cffif) (19) 
. ^eRA~'^^^sCoxsyRX (p, A \ 
T -  1 +  (20) 
where 





Combining eq. 18 and 21 with eq. 17, we have 
[pRX^ ~ (p^  =  (pj  exp  (22) 
1 + (Crx^ - Cijx) 
where 0f = R\q^2J^qxq/'^r^ Thiele modulus based on surface temperature. 
The dimensionless forms of the equations are 
For the catalyst phase 
A 
^QK ^ ~ ~ ~ y}^2(l ~ ~ ^r) ~ yiQ^K^ ~ ^Qjr)j 
0, aCr I dCc  ^_ 1 a I dT eo^dcDl da) ~ ~ ^Qx) 
a  ^= }LJl 
at 0,2 360 Q) 
2^£Y 
8(0 - ^P^^aiCyCgx — a2[^ ~ ^ex)(^  ^y)] 
with initial and boundary conditions 
r = 0 : Cyyr = Cy = 0, Cq^ = 1 






^ ~ ^ ~ - CnxJ (28) 
dCy xBint  *  *  
IHT = ^ (29) 
For the bulk phases 
A 
~ ~ ~ ^RxJ (30) 
A 
-^ 'aq-^  = 3xB/„(Cy  ^- Cj,^ ) (31) 
with initial conditions 
T = 0 ^RXJb ~ ^YJ? ~  ^ (32) 
In writing the dimensionless equations, the following dimensionless variables have been used: 
A _ ^RX A _ A _ 
^Rx - r ' ~ r ' ^QX ~ r 
^RX,o *-y.o ^QX,0 
A _ ^RXrS A _ ^Y^ A _ 
- r— '  ^Y^ - r— '  ^Rxj> - r 
^RX.O ^Y,0 ^RX,0 
^YJb ^RX,Q ^Y,Q 
^y.o' QS^qx,O' QS^QX,G 
lb -  0 -
^ - as ' ^ ~ T~' ^QX -
^Rx' ^Rx' ^ 
a _ a — 
"or9 ^ _i_ « » "aa 
^org ^org •!" ^aq 
, _ Vprg 1 _ Vgq 1 
Vf^lBorg "I" ^aq' ^ ^cat^org ^aq 
_ _ ^ _ _ '^R^ ,,, _ r_ 
70 
The assumptions made in deriving the mass balance expressions and their validity have 
been presented in our previous paper on isothermal model (Desikan and Doraiswamy, 1995). 
In addition to those, the following assumptions have been made in developing the nonisothermal 
model: 
1. Aqueous phase reactants are instantaneously ionized. Hence the heat of dissolution 
of the reactant is ignored. The reaction mixture is assumed to be stabilized to the desired temper­
ature before the start of triphase catalyzed reaction. 
2. Film heat transfer is negligible. In general, for liquid phase reactions, the film heat 
transfer is indeed negligible in comparison to the intraparticle temperature gradient (Carberry, 
1976). The temperature at the surface of the catalyst is the same as the bulk phase temperature. 
3. Bulk phases are well mixed. There are no temperature nonuniformities in the bulk. 
This can be achieved experimentally by vigorous agitation of the reaction mixture and proper 
heat regulation. 
3. Results and Discussion 
The mathematical model presented in the previous section involves many parameters 
that depend on the catalyst support structure, experimental conditions, and the particular reac­
tion system. For a given reaction system, if these parameters are known or can be estimated, 
this model can be used to study the effect of different parameters on overall conversion. In addi­
tion to predicting the conversion, the model can be used to optimize the reaction conditions for 
highest conversion. The model can also be used for design of reactors. In order to study the 
effect of different parameters eqs 23-32 were solved numerically. Finite difference approxima­
tion was used to discretize the equations with respect to the space variable and the resulting sys­
tem of ordinary differential equations was solved using the backward differentiation formula 
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method with NAG subroutines. The range of parameter values used in the simulations and their 
physical significance is given in Table 1. 
Figures 2-4 show dimensionless concentrations of QX, MY. and EX within the catalyst 
pellet Parameter values for this simulation study represents a system where the aqueous phase 
ion exchange reaction is irreversible (K^q = 10.0), and there is a strong pore diffusional limitation 
which is indicated by the value of Thiele modulus based on surface temperature = 5.0). Fig­
ure 2 shows the dimensionless concentration profile of the catalyst (QX) as a function of radial 
position at different reaction times. Since the ion-exchange reaction is considered irreversible, 
QX is depleted as time progresses. The organic phase reaction that results in the regeneration 
of the catalyst is not fast enough to replenish the catalyst molecules to its original form QX. The 
irreversible ion exchange reaction reflects the behavior of aqueous phase reactant shown in Fig­
ure 3. As the reaction proceeds, the concentration of aqueous phase reactant builds up within 
the catalyst as it does not have enough molecules of QX to react with. Figure 4 shows the profile 
of dimensionless organic reactant concentration as a function of dimensionless radial position 
at different reaction times. Initially there is no organic reactant present within the catalyst. Dur­
ing the initial stages of the run, there is a progressive concentration build-up of the organic reac­
tant in the outer regions of the catalyst with no accompanying reaction. After a critical time, 
when the reaction commences, the concentration decreases throughout the catalyst. This com­
bination of initial concentration build-up, reaction and diffusion leads to this maximum. Figure 
5 presents the concentration of the organic reactant as a function of radial position at various 
times. We can observe the maximum in concentration at all radial positions. This behavior is 
similar to that observed in our previous model for isothermal reaction (Desikan and Doraiswa-
my, 1995). The maximum in reactant concentration is observed only for the organic reactant. 
The parameter values used in the simulation indicate a slow organic phase reaction (a/ = 10.0) 
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as compared to the ion-exchange reaction. Since the aqueous phase ion exchange reaction is 
veiy fast, we do not observe this induction period for the inorganic reactant MY. 
Figure 6 shows the concentrations of the organic and inorganic reactants in the bulk 
phases. Simulation results from the corresponding isothermal model are shown in bold lines. 
We can see that the isothermal model leads to different concentration profiles compared to the 
nonisothemal model. 
As in conventional heterogeneous catalysis, we can study the role of diffusion in triphase 
catalysis systems by defining an intraparticle effectiveness factor. We base this definition on die 
organic phase reaction since it is controlling: 
Vi = 7 ^ (33) 
h^RX^[^QX,Q ~ ^QX,s}^ 
For the isothermal case, the triple integral in the numerator of eq 33 reduces to a single integral, 
and in dimensionless form, eq. 33 becomes 
1 
0 
fliso = ; 7 :—— (34) 
^RXA 
However, in the case of the nonisothermal model, the temperature dependence and hence 
the concentration dependence through eq. 18-22 should be included in the expression for intra­
particle effectiveness factor. Eq. 33 can be rewritten for the nonisothermal model as 
1 
3 
V: = r—7 :r-T (35) 
(l - ^ QxJ) 
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Using eq. 35, the effect of nonisothermality of the reaction was studied by varying the 
parameters and wiiich represent the dimensionless Arrhenius parameter and maximum 
temperature rise across the catalyst. The numerical value of ^  signifies the extent of noniso­
thermality. For the exothermic reaction, ^  is positive and for endothermic reactions is nega­
tive. For gas-solid reactions the values of can be very high. For liquid phase reactions, due 
to lower diffusivities of reactants,)3>;, values are typically smaller. For triphase catalyzed reac­
tions, these values range from -0.2 to 0.2. Calculation of the value of for a typical PTC reac­
tion on a supported catalyst is shown in Appendix 2. 
Figure 7 shows the nonisothermal intraparticle effectiveness factor as a function of 
Thiele modulus at surface temperature at different values of for two different values of a^. 
The reaction condition for this plot represents the case where the aqueous phase ion exchange 
reaction is reversible. We can see that the effectiveness factors vary for different values of P,n-
This indicates the importance of including the nonisothermal effects in modeling a triphase cata­
lyzed reaction. Neglecting nonisothermal effects leads to incorrect prediction of intraparticle 
effectiveness factors. We can also see that the nonisothermal effects are more prominent as as 
is increased from 10 to 20. The parameter represents the dimensionless Arrhenius parameter 
{E/RTs) at the smface temperature. Its value mainly depends on the activation energy for the 
reaction. Hence for systems with high activation energies, the nonisothermal effects play a sig­
nificant role and should be included in models. Figure 8 shows the corresponding plot for the 
case where the aqueous phase ion exchange reaction is considered irreversible {K^q = 10.0). The 
effect of nonisothermality is more pronounced in this case than for the previous case. For highly 
exothennic reactions, represented by = 0.2, effectiveness factors greater than unity were ob­
served. Hence for a given reaction system, we can choose reaction conditions such that the cata­
lyst effectiveness is maximized. For the conditions studied in this simulation study where physi­
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cally realistic values of model parameters were chosen, we did not observe multiplicities in 
effectiveness factors. 
The nonisothermal model developed in this paper is dynamic in nature. The concentra­
tions of reactants inside the catalyst and the bulk change with time. Hence the intraparticle effec­
tiveness factor evaluated by eq. 35 also changes with time. Figure 9 shows the behavior of effec­
tiveness factor as a function of dimensionless reaction time. We can see that the effectiveness 
factor goes through a maximum, the exact position of the maximum being differing for different 
reaction times. Figure 10 shows the effectiveness factor as a function of dimensionless time for 
varying values of Thiele moduli. Figures 9 and 10 indicate that for a given reaction system, we 
can determine the optimal reaction time after which the catalyst effectiveness decreases. This 
could be of significant practical importance. 
4. Summary and Conclusions 
Phase transfer catalysis has been an important weapon in the arsenal of synthetic organic 
chemists for the past couple of decades. While the soluble form of PTC has been widely used 
in the industry, the triphase catalysis where the PTC is supported on a solid has not attracted 
much industrial attention. One of the reasons for this lack of interest has been due to the lack 
of understanding of the complex diffusion-reaction scenario involved in triphase catalysis. 
Mathematical modeling of these systems will provide the key insight in evaluating the perfor­
mance of triphase catalysts. There have been only a few efforts in modeling triphase catalysis. 
In our previous paper (Desikan and Doraiswamy, 1995), we developed a dynamic model for tri­
phase catalyzed reaction which takes into account the reversible ion exchange reaction. In all 
the modeling work carried out so far, the reaction was considered to be isothermal. While this 
may in general be valid for liquid phase phase transfer reactions, there are many industrially im­
portant reactions like the permanganate oxidation reaction where there could be significant non-
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isothermal effects. In this present study, we present a dynamic model for triphase catalysis that 
includes the nonisothermality within the catalyst support. The heat transfer at any point within 
the radius of the catalyst support is considered to be at steady state and is coupled to the unsteady 
state mass transfer within the pellet and the bulk phases. Simulation studies using this model 
for values of parameters in the range of practical interest have led to the following interesting 
conclusions: 
(1) Nonisothermal effectiveness factors and conversions obtained from simulation stud­
ies are different from the isothermal model. 
(2) For an exothermic organic phase reaction with high activation energy, effectiveness 
factors greater than unity could be obtained. For the conditions studied in our simulation work 
that pertain to physically realistic values of model parameters, we did not observe multiplicities 
in effectiveness factor for a given Thiele modulus. 
(3) There is a maximum effectiveness of the catalyst at a particular time for systems at 
conditions corresponding to low internal mass transfer resistances. The time at which the maxi­
mum occurs depends on the Thiele modulus and so is a function of the interplay between diffu­
sion and reaction within the catalyst. For a given reaction system, we can choose a catalyst par­
ticle size and support structure so that this maximum in effectiveness factor and conversion is 
physically realized. 
The model we have presented in this work does not take into consideration slow heat 
transfer across the film on the surface of the catalyst. For liquid phase reactions, film heat trans­
fer resistance is not as significant as the intraparticle heat transfer resistance. This model can 
easily be extended to such simations where slow film heat transfer could be important. 
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Nomenclature 
a = area per unit volume of the catalyst 
Bim = mass Biot number 
^QX = concentration of the active form of the catalyst 
Cgx — concentration of organic reactant 
Cy = concentration of the inorganic reactant 
^QY ~ concentration of the inactive form of the catalyst 
A 
Cqx = dimensionless concentration of the active form of the catalyst 
A 
^RX ~ dimensionless concentration of organic reactant 
A 
Cy = dimensionless concentration of the inorganic reactant 
Cqx,o = initial concentration of the PTC 
Cy,o = initial concentration of the inorganic reactant. 
CRx,b - bulk concentration of the organic reactant 
Cy.b = bulk concentration of the inorganic reactant 
Crx.S = concentration of the organic reactant on the surface of the catalyst 
Cy,s = concentration of the inorganic reactant on the surface of the catalyst 
= £?inary diffusion coefficient of solute A in solvent B. 
9)^ = effective diffiisivity of the organic reactant 
9)y = effective diffiisivity of the inorganic reactant 
— AH If = heat of reaction (positive for exothermic reaction) 
= rate constant for the forward reaction in the aqueous phase 
= rate constant for the reverse reaction in the aqueous phase 
^2 = rate constant for the organic phase reaction 
= rate constant of the organic phase reaction at surface temperature, Ts 
Keq = equilibrium constant for the aqueous phase reaction 
k^x = mass transfer coefficient of organic reagent in bulk organic phase 
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ky = mass transfer coefficient of inorganic reagent in aqueous phase 
= inorganic product in the aqueous phase 
= inorganic reagent in the aqueous phase 
QY{^) = solid pellet catalyst in aqueous and organic phases 
R = radius of the catalyst 
~ organic reagent in the organic phase 
Ry^org) ~ organic Product 
A 
T = dimensionless surface temperature 
Ts = surface temperature of the catalyst 
Vcat = volumes of catalyst phase 
V'org. yaq = volumes of Organic and aqueous phases 
Greek Symbols 
a J = ratio 
Cj = ratio kJk^JCeq 
Cj = dimensionless Arrhenius parameter, E/RTs 
Pm = dimensionless adiabatic temperature rise, as defined in eq. 22a 
YRX = ratio of over Q^CQX^ 
Yy = ratio of Cy g over QsCqx^ 
^org = volume fraction of the organic phase in the catalyst pore 
Sag = volume fraction of the aqueous phase in the catalyst pore 
iji = intraparticle effectiveness factor, nonisothermal 
TJijo = intraparticle effectiveness factor, isothermal 
<p = Thiele modulus (based on organic phase reaction) 
= Thiele modulus at surface temperature T^Cbased on organic phase reaction) 
OnY = the ratio ^ QX - uic l uu 2 , 
^org r ^aq 
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dorz = 
^org ~ ^aq 
£ 
Oaq = the ratio J— 
^org * ^aq 
0'„„ = the ratio ^ 
^cat^org + ^aq 
r. . Vaq dan = the ratio t;^-
^cat^org "I" ^aq 
^ = the ratio of effective diffusivities a) RX 
kv 
X = •— ratio of mass transfer coefficients 
^RX 
Qs — density of the solid 
T = dimensionless time. 
(Corg "f" 
0) = dimensionless radius, K 
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Table 1. Parameter values used in the simulations (continued to the next page) 
Parameter Definition Values used Physical significance 
ai h. 
^2.s 
10.0 Ratio of the rate of forward ion ex­





Ratio of the rate of reverse ion ex­
change reaction to the organic reaction 
Ratio of the initial concentration of 
aqueous reactant to that of the catalyst 
Yrx Qx.o 
Qn^qxsi 0.25 
Ratio of the initial concentration of or­




10.0 Reciprocal of porosity of (he catalyst 
Qorg ^org 
(^org ^nq) 0.5 
Fraction of the pore volume filled by 
organic phase 
Oag ^aq 
{ o^rg "1" ^aq) 
0.5 Fraction of the pore volume filled by 
aqueous phase 
& org Krg 1 
^caf ^eorg "t" ^aq) 
500.0 Extent of catalyst loading with respect 
to the organic phase 
O'a, Kq 1 
^co'lSorg 
500.0 Extent of catalyst loading with re.spect 
to the aqueous pha.se 
OO O 
IVible 1. Parameter values used in the simulations (continued from previous page). 
Parameter Defmition 
1 
Values used Physical significance 
V 
^RX 
1.0 Ratio of effective diffusivities of inorgan­
ic and organic reactants into the catalyst 
H ky 
^RX 
1.0 Ratio of mass transfer coefficients of 
inorganic and organic reactants from 
the bulk to the surface of the catalyst 
Os E 




0.2,0.05,0.0,-0.05,-0.2 Extent of nonisothermality of reaction. 
Positive for exothermic and negative 
for endothermic reactions 
R{Q 5^2.3^ QX.of^Rx) 0.01-10.0 
Thiele modulus at surface temperature 
Measure of rate of reaction to diffusion 
Bifji UrxR 
®RX 
100.0 Mass Biot number. Measure of 
rate of mass transfer in the film to 
















Intraparticle mass and 
heat transfer 
film mass tran 2 
kinetic reaction 
Figure lb. Factors influencing triphase catalysis 
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Figure 4. Dimensionless concentration of organic reactant as a function of radial 
position at different dimensionless times. 
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Figure 6. Bulk concentration of reactants as a function of dimensionless tinie 
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Figure 7. Intraparticle effectiveness factor as a function of Thiele modulus at surface 
temperature. Reversible ion exchange reaction (Keq=0.1) 
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Figure 8. Intraparticle effectiveness factor as a function of Thiele modulus at surface 
temperature. Irreversible ion exchange reaction (Keq=10.0) 
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Figure 9. Intraparticle effectiveness factor as a function of Thiele modulus at surface 
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Figure 10. Intraparticle effectiveness factor as a function of dimensionless time at 
different Thiele moduli. Irreversible ion exchange reaction (Keq=10.0) 
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CHAPTER 4. ENHANCED ACTIVITY OF POLYMER SUPPORTED 
QUATERNARY AMMONIUM SALTS 
A paper to be submitted to Chemical Engineering Science 
Sridhar Desikan and L.K. Doraiswamy' 
Department of Qiemical Engineering, Iowa State University, Ames LA 50011 
Abstract 
Phase transfer catalysis has been a weapon in the arsenal of synthetic organic chemists 
for well over two decades now. While phase transfer catalysts (PTQ have found widespread 
use in the industry, the polymer supported phase transfer catalysts, also known as triphase cata­
lysts, have not gained industrial acceptance. Triphase catalysts offer many advantages 
associated with heterogeneous catalysts such as easy separation from the reaction mixture, reus­
ability, and use in continuous reactors. These significant advantages notwithstanding, the main 
reason for the lack of interest in the industry for the use of triphase catalysts has been its reduced 
activity in comparison with soluble phase transfer catalysts. Due to their heterogeneous nature, 
triphase catalysts, in general, have lower reactivity. In this paper, we address this issue of re­
duced activity of triphase catalysts for a specific reaction, that is, phase transfer esterification 
of benzyl chloride with aqueous sodium acetate. It has been found that PS-CH2-N+Bu3Cl~ has 
higher reactivity than their soluble analogs. Kinetics of phase transfer reaction using both solu­
ble and polymer supported catalysts have been determined and the results are presented. 
'Author to whom correspondence should be addressed: E-^nail: dorai@iastate.edu 
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1. Introduction 
Phase transfer catalysis is now established as a versatile and important synthetic tech­
nique in organic chemistry. Many reviews on synthetic methods using phase transfer catalysts 
have been written (Branstrom, 1977; Dehmlow and Dehmlow, 1977; Weber and Gokel, 1977; 
Starks et al. 1994). One of the major concerns in using a phase transfer catalyst (PTC) in soluble 
form is its separation from the reaction mixture. For efficient use of the catalyst and to meet 
product purification requirements, synthesis techniques using PTCs involve an additional sepa­
ration train for catalyst isolation and product purification. Polymer supported phase transfer cat­
alysts, also known as triphase catalysts, provide the attractive proposition of recycling the cata­
lyst after the reaction. In addition to easy separability of the catalyst^ they also provide an 
altemative for carrying out reactions in the continuous mode. There has been interest recently 
in the literature in using continuous reactors for phase transfer reactions (Tundo, 1991). One 
of the major disadvantages, and hence the reason for lack of industrial acceptance of triphase 
catalysts, is their reduced reactivity as compared to their soluble analogs. Triphase catalysts in­
volve external and intraparticle mass transfer limitations, and hence have in general an order of 
magnitude lower activity than the corresponding soluble catalysts. 
There are many types of phase transfer catalysts, such as quaternary ammonium and 
phosphonium salts, crown ethers, cryptands etc. Among these quaternary ammonium salts are 
the cheapest and hence the most widely used in the industry. The copolymer of polstyrene cross-
linked with diviny Ibenzene is the most common support used. Phase transfer catalysts are chem­
ically bound to these supports by chloromethylation of the supports followed by reaction with 
trialkyl amine or phosphine. There have been a few instances in the literature where supported 
polyethylene glycols and crown ethers have been shown to have higher reactivity than soluble 
ones (Regen and Nigam, 1978; MacKenzie and Sherringtion, 1981; Kimura and Regen, 1983; 
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Hradil and Svec, 1984). However, in most of these studies, proper comparisons between sup­
ported catalysts with their corresponding soluble analogs have not been carried out. In this pa­
per, we present experimental work done on the synthesis, characterization, and kinetic analysis 
of triphase catalysts. Polymer supported methyltrifauytlammonium chloride is used. Its reactiv­
ity is compared with those of the soluble catalysts benzyltributylammonium chloride and tetra-
butylanmionium chloride. The reaction between benzyl chloride in the organic phase and so­
dium acetate in aqueous phase to form benzyl acetate is chosen as the model reaction. This 
reaction can"be shown in triphase catalyzed reaction sequence as follows: 
+ Na+Cl-
CHi^+RsCI+rf ^ 
R = n—C4H9 
It belongs to a general class of esterification reactions where the nucleophile is abstracted from 
the aqueous phase using a phase transfer catalyst. There are many industrially important phase 
transfer catalyzed esterification reactions such as synthesis of penicillin. 
2. General Methods 
Unless stated otherwise, all reagents were of commercial grade and used after further 
purification. All soluble and supported catalysts, unless mentioned otherwise, were obtained 
from Fluka. The triphase catalyst used in kinetic studies, polymer bound methyltributylammo-
nium chloride, contained 0.85 mmol of Cl/g of catalyst. The soluble phase transfer catalysts te-
trabutylammonium chloride, benzyltributylammonium chloride, and tetrabutylphosphonium 
chloride were obtained in solid form whereas methyltributylammonium chloride was obtained 
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as a 75 wt% solution in water. Chloromethylated polystyrene precursor used in the synthesis 
of triphase catalyst was also obtained from Fluka Co. and contained 4.3 mmol CI/ g of catalyst. 
The chloromethylated precursor was prepared by chloromethylation of unfunctionalized 2% 
cross-linked polystyrene divinylbenzene copolymer by established methods (Merrifield synthe­
sis). Silica gel (Davisil) used in the synthesis of silica supported catalyst was obtained from 
Aldrich. Reagent grade toluene, benzyl chloride, and sodium acetate were used as obtained. 
Deionized water was used for the aqueous phase. All kinetic experiments were carried out in 
a Parr 1-L laboratory reactor with provision for controlling temperature accurately (to ± I°C) 
with a built-in PID controller. Atmospheric pressure was maintained throughout the reaction 
except when withdrawing samples from the reactor when a slight positive pressure of up to 3 
atm was maintained in the reactor by using house air. The reactor was equipped with an opto­
electronic sensor for measuring agitation speeds, which were maintained to within ± 5 rpm ac­
curacy. Agitation was provided by a double impeller shaft located within the liquid phases of 
the reaction. In order to prevent the vapors from reaction from getting in contact with the stain­
less steel surface of the reactor, a 1-L Teflon bomb liner obtained from the Parr was used. Prod­
ucts from the reaction mixture were analyzed using GLC on a Perkin Elmer Model 3000 flame 
ionization instrument with 60 cm x 0.32 cm Supelcopack column at 150°C. The GLC column 
injection port was maintained at 250°C and the detector port at 300°C. 
3. Synthesis of Triphase Catalyst 
To synthesize methyltributylammonium chloride catalyst (1), five grams of chloro­
methylated polystyrene precursor containing 4.3 mmol CI /g of solid was added to 50 ml toluene 
in a 200 ml round bottom vessel. The contents were purged with nitrogen for five minutes, after 
which 40.13 g of tributylamine (0.216 mol) was added and the mixture was stirred with a mag­
netic stirrer. It was maintained at 90°C for 36 h. The contents were vacuum filtered and washed 
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with 10 ml toluene three times and with deionized water. The filtered solids were extracted using 
a Soxhlet continuous extractor with refluxing toluene for 8 h. Solids, after extraction, were fil­
tered to remove excess toluene and dried under vacuum (20 in. Hg) at 90°C for 24 h. 
Silica supported catalyst (2) was prepared as follows: Silica gel was first activated using 
hydrochloric acid. About 10 g of silica gel was added to 20 ml deionized water and the contents 
were maintained at 65°C overnight. 1N hydrochloric acid (20 ml) was added to the mixture and 
the contents were maintained at 65°C overnight. To this mixture, 50 ml hydrochloric acid was 
added and the contents were refluxed for 4 h. The resulting activated silica gel was reacted with 
3-chloropropyltriethoxysilane. About 10 g of the activated catalyst was added to 200 ml toluene 
in a 500 ml round-bottomed flask. The contents were purged with nitrogen for 5 min. and then 
60 mmol of chloropropyltriethoxy silane was added to the mixture. The reaction mixture was 
refluxed for 1 h after which about 50 ml of toluene containing ethanol was distilled from the 
mixture. The resulting mixture was refluxed for another hour and 50 ml of toluene-ethanol mix­
ture was removed. The remaining mixture was refluxed for another half hour. The contents of 
the reaction were cooled and washed with diethyl ether and methanol several times. The resxilt-
ing fimctionalized silica gel was allowed to dry under vacuum overnight to remove the adsorbed 
diethyl ether. Silica gel supported methyltributylammonium chloride was synthesized by react­
ing the fimctionalized silica gel with tributylamine. Functionalized silica gel (about 10 g) was 
added to 50 ml tributyl amine. The contents were degassed and maintained at 75°C for five days. 
The resulting catalyst was washed with diethyl ether and dried under vacuum. Chemical analysis 




• o — Si-(CH2)3N+(C4H9)3C1-
•O 
4. Characterization of triphase catalyst 
The surface area of the polymer precursor was measured using BET analysis with the 
nitrogen adsorption method. Results indicate that the catalyst support has a very low surface area 
(0.3976 ± 0.0146 m^/g). Since the surface area is so low, the catalyst can be considered to be 
essentially macroporous. The surface electron micrograph results confirm this observation (Fig­
ures 1-3). Barring a few kinks on the surface of the catalyst, there was no indication of any po­
rosity of the catalyst. To find out if the catalyst swelled in the presence of a solvent, 1 g of triphase 
catalyst was heated in a mixture of toluene and water (solvents used in the reaction) up to the 
maximum reaction temperature used in this study (90°C). The resulting swollen polymer was 
analyzed using SEM. The SEM pictures showed that there was no change in the surface 
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morphology of the catalyst (Figure 3). Figures 4-5 show the surface morphology of a silica sup­
ported catalyst The surface area of the silica supported catalyst, according to the manufacturer's 
specification was 100 m^/g. SEM analysis of silica supported catalyst shows that the catalyst 
is porous. Chemical characterization of the triphase catalyst was done using two methods: chlo­
ride analysis by Volhard titration method, and elemental analysis by energy dissipation spectros­
copy (EDS). 
The organic chloride analysis by Volhard titration method is as follows. The sample is 
acidified with 1 N HNO3 and the chloride is precipitated with a measured excess of standard 
AgNOs solution. The AgQ that is formed is coated with toluene and the excess AgNOs is back-
titrated with standard NH4SCN solution using ferric alum (iron EI ammonium sulfate dodecahy-
drate) as an indicator. A reddish brown color due to the formation of Fe(SCN)3, indicates that 
an excess of SCN~ ions is present and that the end-point has been reached. To analyze polymer 
supported catalysts, 4 ml of N,N-dimethylformamide is added to about 0.2 gram of polymer sup­
ported catalyst, and the solution is left to stand for 30 min. To this mixture 4 ml of concentrated 
HNO3 is added and the solution is left to stand for 2 h. The resulting mixture is titrated using 
the Volhard titration method described above. 
In order to check the accuracy of the titration method, samples of standard NaCl and 
known solutions of soluble phase transfer catalysts were prepared. These solutions were ana­
lyzed for chloride ion concentration using the method described above. The results are shown 
in Table 3.1. 
The original polymer precursor from which the catalyst was synthesized contained 4.3 
mmol Cl/g of support. Hence the synthesized catalyst was about 40% quatemized. This may 
be due to incomplete reaction between chloromethylated polystyrene and tributylamine. 
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The nitrogen ion content was also analyzed using the energy dissipation spectroscopy 
method. A SEM/EDS system with Hitachi S2460 N environmental scanning electron micro­
scope and Linh 1514 Series 300 energy dissipative X-Ray analyzer from Oxford Instruments 
was used. A thin window Ge light-element detector was used. The results from the analysis 
are summarized in Table 3.2. EDS is an elemental analysis technique whose accuracy decreases 
with decrease in amount of element present in the sample. Hence, this technique at best provides 
an approximate value of the nitrogen content in the sample. Also, it does not differentiate be­
tween the ionic chloride and chloride co valently bound to the methyl group in the chloromethy-
lated polymer precursor. A commercial triphase catalyst and synthesized catalyst were analyzed 
using this technique. Results show that the nitrogen content estimated includes the actual con­
centration of nitrogen present in the catalyst. For the synthesized catalyst, chloride concentra­
tion estimated includes the chloride content present in the polymer precursor. 
5. Kinetic Methods 
Triphase displacement reactions were studied between 60 and 90°C. In a typical experi­
ment, 200 ml of deionized water was measured into a 1-L PTFE bomb-liner to which 1 mol of 
sodium acetate (82.02 g) was added. The mixture was warmed to about 40°C to completely dis­
solve the salt. A measured quantity of phase transfer catalyst (soluble or supported) was added. 
A measured quantity (2(X) ml) of toluene was then added and the solution was heated in the reac­
tor to the required temperature. After the set-point had been reached, a measured quantity of 
benzyl chloride was added and the mixture was agitated at the desired agitation rate. About 2 
ml quantities of reaction mixture were removed periodically from the reaction mixture through 
the sampling port of the reactor, the organic phase was separated using a syringe, and the contents 
were filtered using a 0.15 («n Teflon filter. The formation of benzyl acetate and disappearance 
of benzyl chloride were measured using GLC with solutions of known concentrations as stan­
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dards. The same procedure was followed for all the experimental runs except for the unstirred 
reaction, when the reaction mixture was left unstirred except when sampling. At that time, the 
agitation rate was maintained at about400 rpm for about 30 s to obtain a mixture of both organic 
and aqueous phases in the samples. The data obtained from the kinetic runs were analyzed using 
the integral method of rate data analysis. A pseudo-first order rate expression was tried first for 
all the kinetic mns and was found to be sufficient for rate data analysis. The kinetic parameters 
of the equation were obtained using the SAS program with least squares regression analysis. 
6. Results and Discussion 
In order to understand the effect of extemal mass transfer and to eliminate the extemal 
mass transfer resistance while evaluating intrinsic kinetics, experiments were carried out at dif­
ferent agitation rates. Figure 6 shows the plot of benzyl chloride conversion with time for vary­
ing agitation rates. It should be mentioned that for experimental mns with 0 and 200 rpm agita­
tion rates, the reaction mixture was agitated by increasing the agitation rate to 400 rpm to avoid 
withdrawing only the aqueous phase samples from the reactor. It can be seen clearly that there 
is no significant increase in conversion for agitation rates higher than 500 rpm. All further ex­
periments to study the kinetics of soluble and supported phase transfer catalysts were carried out 
at agitation rates higher than or equal to 600 rpm. It can also be noticed that there is an apprecia­
ble conversion at 0 rpm. This may be due to two effects: 1. reaction taking place at the interface 
of the organic and aqueous phases, and 2. agitation during the sampling. Replicates of agitation 
rate rans were carried out. It can be seen that the results are highly reproducible (Figures 7-10). 
To obtain the kinetic parameters, experiments were carried out at different temperatures. 
Figure 11 shows the dependence of benzyl chloride on time for different temperatures. An inte­
gral analysis of the rate data was carried out. A pseudo-first order rate expression fits the rate 
data well for all temperatures. From the plots of -log(l-X) versus time, rate constant values 
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were obtained as the slope of the best fit line using constrained linear regression. Figure 12 
shows the results from kinetic data analysis, and Figure 13 is the Arrhenius plot of the rate 
constants. 
The effect of concentration of catalyst on overall reactivity was studied by carrying out 
reactions at different catalyst concentrations. Figure 14 shows the dependence of benzyl chlo­
ride conversion as a function of time for different concentrations. A pseudo-first order integral 
rate analysis showed that the first order rate expression fits the experimental date very well (Fig­
ure 15-16). It should also be noticed that there is areaction present in the absence of the catalyst. 
Since the solubilities of benzyl chloride in water and of sodium acetate in toluene are negligible, 
this baseline reaction should take place at the interface between the organic and aqueous phases. 
The role of phase transfer catalyst in such cases where there is a baseline reaction is to enhance 
the rate of reaction. Hence from Figure 16, it can be seen that an enhancement of 100% is ob­
tained by using as little as 3 mmol of polymer supported catalyst. 
To study the effect of immobilization on reactivity of the triphase catalyst, reactions were 
carried out with supported and soluble catalysts with the same mmol quantity of quaternary am­
monium salt. Traditionally, the heterogenized form of a homogeneous catalyst is expected to 
show a lower reactivity due to external and mtraparticle diffusion resistances. There are numer­
ous references in the literature related to triphase catalysis where immobilized phase transfer cat­
alysts are considered to be commercially not viable due to their reduced activity. However, re­
search carried out in this laboratory has clearly shown some opposite, positive, and interesting 
results. 
Figure 17 shows the conversion of benzyl chloride as a function of time for various forms 
of phase transfer catalysts. Three soluble forms of PTC were used. Even though the polymer 
supported catalyst is obtained by reacting chloromethylated polystyrene with tributyl amine, the 
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resulting catalyst should be considered as the homogeneous form of benzyltributylammonium 
chloride and not methyltributylaramonium chloride since it is the benzyl group that is rendered 
active by heterogenizing the catalyst. It is known from the previous experimental work by Ford 
et al. (1984b) that phase transfer catalysts with fewer than 16 carbon atoms present in them are 
not effective in liquid-liquid phase transfer catalysis since they are soluble in water and partition 
more favorably into the aqueous phase. Phase transfer catalysts like tetrabutylammonium chlo­
ride and others bearing alkyl groups with 16 or more carbon atoms are most effective as phase 
transfer agents due to their increased lipophilicity. 
Figure 17 shows a rather remarkable trend: the polymer bound phase transfer catalyst 
is actually more reactive than its soluble analogs. This can be explained as follows: Since the 
polymer support to which the catalyst is bound is made of styrene-divinylbenzene copolymer, 
the lipophilicity of the catalyst is increased and this facilitates the transport of organic phase into 
the catalyst, thereby increasing the reaction rate. Hence the support is no longer inert as in the 
case of most heterogeneous catalysts. This indicates that the support structure can be manipu­
lated to give maximum conversions for a given reaction system. 
In order to determine whether this enhancement effect is indeed real, reactions were car­
ried out at different conditions. Figure 18 shows the results for a different catalyst concentration 
and reaction conditions. Figure 19 is a comparison of polymer bound phosphonium catalyst with 
its soluble analog. We can clearly see that the rate enhancement effect in polymer bound catalyst 
is indeed significant. 
It can be hypothesized that in the case of benzyl acetate synthesis, the enhancement due 
to increased lipophilicity of polymer supported catalyst more than makes up for the decrease in 
reactivity due to diffusional resistances. This would be true in the case of reaction rate limited 
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systems. From the kinetic analysis, we observe that the system under smdy, ben2yl acetate syn­
thesis from benzyl chloride and sodiimi acetate, is a kinetically-controlled reaction. 
In order to measure the enhancement effect of supported catalyst quantitatively, reac­
tions were carried out to obtain the kinetic parameters of soluble benzyltributylammonium chlo­
ride catalyst. As mentioned above, this catalyst, rather than methyltributylammonium catalyst, 
should be considered as the soluble analog of supported methyltributylammonium chloride 
since the benzyl group is rendered active by heterogenization. Figure 20 shows a plot of temper­
ature dependence of the soluble catalyst As in the case of the supported catalyst, a pseudo-first 
order rate expression was used in the integral analysis of rate data. The linear fit explains the 
rate behavior very well CFigure 21). From the rate constants obtained at different temperatures, 
an Arrhenius plot was obtained (Figure 22). The activation energy for the soluble catalyst is 28 
kcal/mol. The activation energy of the supported catalyst, on the other hand, was found to be 
21.45 kcal/mol. Hence we can see that by supporting the catalyst, the activation energy for reac­
tion is reduced. 
The enhancement effect observed using supported phase transfer catalyst can be attrib­
uted to the following reasons: 
1. Increased lipophilicity due to the presence of polymer backbone of the catalyst. In 
order to verify this, experiments were carried out using silica supported tributylmethylammo-
nium chloride. Figure 23 shows the comparison of reactivity of silica supported catalyst with 
those of soluble and polymer supported catalysts. We can clearly see that the silica supported 
catalyst has lower reactivity than soluble catalyst. This substantiates our hypothesis that the in­
crease in reactivity of polymer supported catalyst is due to the polymer effect. 
2. Microphase effect of the catalyst. Microphases are small particles or droplets, smaller 
than the diffusion film thickness, that are found to enhance the rates of some reactions by reduc­
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ing external mass transfer effects (Mehra, 1984). In order to verify this, reaction runs were car­
ried out with chlormethylated polymer support without the phase transfer catalyst on it. The re­
sults show that the reaction rate is essentially the same as the baseline reaction, which indicates 
that there is no enhancement due to microphase effect 
3. Substrate selectivity. MacKenzie and Sherrington (1981) have reported that in reac­
tions of alkyi halides with resin supported pyridine groups, there is increased reactivity as 
compared to the unsupported pyridine reagent. It must be noted here that in this case the pyridine 
reagent is a reactant, and not a catalyst as in the reaction carried out in this study. The authors 
attribute this effect to substrate selectivity. There are two factors involved in this substrate selec­
tivity: (i) selective adsorption of one of the reactants into the resin; and (ii) increased diffusion 
rate of one of the reactants into the catalyst In our reaction, as the catalyst is nonporous (surface 
area 0.4 m^/g), the former effect is likely to be the reason for increased reactivity. 
The phenomenon of heterogeneous catalyst having higher reactivity than the homoge­
neous analog has been observed in the use of ion exchange resins as catalysts (Davies and Thom­
as, 1952). Comparison of catalyst efficiency as done in the present paper was first proposed for 
ion exchange resins by Hammett (Bemhard and Hammett, 1953). Catalyst efficiency is defined 
as the ratio of reaction rates in the heterogeneous and the homogeneous system with equivalent 
amounts of catalyst (Bernard and Hammett 1953). Since in our case, a pseudo first order rate 
expression in terms of benzyl chloride concentration fits the kinetic rate data very well, the ratio 
of reaction rates simplifies as the ratio of the pseudo first order rate constants. Hence the catalyst 
efficiency is defined as 
'^supported , -. g = — (1) 
'^soluble 
The rate constants as defined above are fimctions of catalyst concentration (hence pseudo-first 
order). For a valid comparison between the supported and soluble catalysts, the equivalent 
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amounts of catalysts should be used for both cases. Hammett provides an interesting interpreta­
tion of efficiency. His approach is based on the Eyring's theory of rate processes (Eyring,). In 
terms ofthis theory, for a first order reversible reaction AB+C-»A + B + C to take place, 
the catalyst forms an activated complex which is in equilibrium with the reactant AB and the 
catalyst C 
AB + C —* • A + B + C 
K* = (2) 
^A^cat 
where IC is the equilibrium constant and mi is the molality of the species. According to Eyring's 
theory, the reaction rate is proportional to the concentration of the activation complex. This pro­
portionality constant is universal, that is, same for all reactions. Hence the efficiency of the cata­
lyst can be rewritten as 
£ = (3) 
^solubU 
For the reaction going through the activation complex, the following thermodynamic relation­
ship holds 
JJG' ^ = AAH' - rjjs- ^ -RTlns (4) 
(5) 
where AG", AH", AS" are the changes in standard Gibb's free energy, enthalpy and entropy, re­
spectively, which accompany the formation of the activated complex. According to Hammett, 
the quantitiy AAS" is important in determining the ion exchange resin efficiency. The formation 
of the activated complex in the ion exchange resin (or the supported catalyst, as in our case) in­
volves fixation of the ionic groups to the matrix. Thus the reactant molecule suffers a loss of 
entropy associated with decreased degree of freedom. For this case, AAS" is negative. Hence 
the catalyst efficiency is less than unity, or ±e supported catalyst is less active than the soluble 
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catalyst However, in some cases, where there are significant interactions between the reactant 
and solvent occur, the opposite effect may be true, that is, the supported catalyst is more active 
than the soluble analog. This is particulary valid in the case of soluble phase transfer catalysts 
that do not partition well between two phases. In such instances, the reactant molecule in the 
organic phase does not get in contact with the phase transfer catalyst molecule for the reaction 
to proceed. Hammett's hypothesis using Eyring's rate theory successfully explains the physical 
observation of heterogeneous catalyst having higher reactivity than homogeneous catalyst (Hel-
ferrich, 1962). In the reaction of benzyl chloride with sodium acetate, this effect, along with the 
lipophilicity effect described before could be one of the influencing factors for increased reactiv­
ity. 
7. Conclusions 
Polymer supported quatemary ammoniimi and phosphonium catalysts have been shown 
to have increased reactivity than their soluble forms. Kinetics of benzyl chloride esterification 
with aqueous sodium acetate using polymer supported tributylmethylarrmionium chloride as 
phase transfer catalysts, when compared to soluble benzyltributylammoniimi chloride and solu­
ble tributylmethylammonium chloride, shows that the triphase catalyst has about 50% higher 
reactivity than their supported analogs. The polymer supported catalyst has reduced activation 
energy compared to the soluble form and to the baseline reaction where no catalyst is used. The 
increase in reactivity is attributed to the substrate selectivity of the polymer backbone. This find­
ing can be of significant industrial importance, leading to the use of polymer supported phase 
transfer catalysts. If a polymer support structure can be prepared with specific diffiisional char­
acteristics, it can be used for supporting the phase transfer catalyst with increased reactivity than 
the unsupported catalysts. The resulting catalyst can be used in continuous reactors, recycled 
after use and easily separated from the reaction mixture. 
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Nomenclature 
E = efficiency of the catalyst 
^^Mpponed ~ energy of formation for supported catalyst 
soluble ~ energy of formation for the soluble catalyst 
AAH* = difference in enthalpy of reactions between supported and soluble catalysts 
^supported ~ reaction rate constant with the supported catalyst 
^soluble ~ reaction rate constant with the soluble catalyst 
= equilibrium constant for the reaction proceding through an activated complex 
^^ported ~ equilibrium constant of activation reaction for the supported catalyst 
^Toiubie ~ equibrium constant of activation reaction for the soluble catalyst 
ni/^^ = molarity of the activation complex 
niRx = molarity of the organic reactant RX 
niQx = molarity of the catalyst 
R = gas constant 
AAS^ = difference in entropy of reaction between supported and soluble catalysts 
T = temperature 
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Table 1. Chemical analysis by Volhard titration method 
Sample Estimated from 
analysis Actual 
0.5mlof I N N a a  0.49 mmol 0.5 mmol 
1 ml of 0.5 N 
Benzyltributylammonium Chloride 0.49 mmol 0.5 mmol 
0.1880 g of polymer supported 
methyltributylammonium chloride 0.93 mmol 0.89 mmol (from manufacturer) 
Polymer supported methyltributyl 
ammonium chloride (synthesized) 1.76 mmol -
Ill  
Table 2. Chemical analysis (elemental) by electron dissipation spectroscopy 




C (88.59, 94.9) (84.46,90.46) 
N (0.28,5.25) (0.31, 5.84) 1.25 
O (1.97,4.97) (2.50, 6.31) 
a (0.30, 3.75) (0.76,9.37) 4.18 
Catalyst B 
c (85.69, 87.89) (78.44, 80.46) 
N (3.40, 6.12) (3.84,6.33) — 
O (3.44,4.72) (4.20, 5.77) 
CI (2.28, 6.46) (5.46,15.51) 13.52 
* - Quantities in parenthesis represent 95% confidence interval for the estimates 
Catalyst A: Polymer-supported methyltributylammonium chloride (commercial) 
Catalyst B: Polymer-supported methyltributylammonium chloride (synthesized) 
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Table 3. Summaiy results of kinetic data analysis for supported phase transfer catalyst 
Temperature, C k X 10^ min"^ 
Coefficient of determination 
value for linear fit of data 
60 0.10 0.97 
70 0.22 0.99 
80 0.54 0.97 
85 0.81 0.99 
90 1.25 0.98 
Figure 1. Surface Electron Micrograph of polymer supported catalyst: before 
treatment with the solvent 
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Figure 2. Surface Electron Micrograph of polymer supported catalyst: after 




Figure 4. Surface Electron Micrograph of silica supported catalyst 
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Figure 6. Effect of agitation rate on conversion of benzyl chloride. Reaction conditions: 
Benzyl Chloride 0.2 mol; Sodium acetate 1 mol; Triphase Catalyst 1 mmol; 
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Figure 7. Plot showing the reproducibility of results at 700 rpm. Reaction conditions: 
Benzyl Chloride 0.2 mol; Sodium acetate 1 mol; Triphase Catalyst 1 mmol; 
Toluene 200 ml; H2O 200 ml; Temperature = 90°C. Tick marks represent re­
sults from three experimental runs at indentical reaction conditions. The 
dotted lines represent a 95% prediction band about the mean of the data. 
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Time, min 
Figure 8. Plot showing the reproducibility of results at 600 rpm. Reaction condi­
tions: Benzyl Chloride 0.2 mol; Sodium acetate 1 mol; Triphase Catalyst 
1 mmol; Toluene 200 ml; H2O 200 ml; Temperature = 90°C. Tick marks 
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Figure 9. Plot showing the reproducibility of results at 500 rpm. Reaction condi­
tions: Benzyl Chloride 0.2 mol; Sodium acetate 1 mol; Triphase Catalyst 
1 mmol; Toluene 200 ml; H2O 200 ml; Temperature = 90°C. Tick marks 
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Figure 10. Plot showing the reproducibility of results at 400 rpm. Reaction conditions: 
Benzyl Chloride 0.2 mol; Sodium acetate 1 mol; Triphase Catalyst 1 mmol; 
Toluene 200 ml; H2O 200 ml; Temperature = 905C. Tick marks represent 
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Figure 11. Temperature dependency of benzyl chloride concentration. Catalyst used: 
Polymer supported methyltributyl ammonium chloride. Reaction conditions: 
Benzyl Chloride 0.2 mol; Sodium acetate 1 mol; Triphase Catalyst 1 mmol; 
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Figure 12. First order dependency of benzyl chloride concentration. Catalyst used: Polymer 
supported methyltributylammonium chloride. Reaction Conditions: Benzyl 
Chloride 0.2 mol; Sodium acetate 1 mol; Triphase Catalyst I mmol; 
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Figure 13. Arrhenius plot for polymer supported catalyst- Reaction Conditions: 
Benzyl Chloride 0.2 mol; Sodium acetate 1 mol; Triphase Catalyst 
1 mmol; Toluene 200 ml; H2O 200 ml; Agitation rate = 700 rpm-
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Figure 14. Effect of catalyst loading on conversion. Catalyst used: Polymer sup­
ported methyltributylammoniimi chlorid. Reaction conditions: Benzyl 
Chloride 0.2 mol; Sodium acetate 1 mol; Toluene 200 ml; H2O 200 ml; 
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Figure 15. First order rate dependency of benzyl chloride conversion on catalyst 
concentration. Reaction conditions: Benzyl Chloride 0.2 mol; Sodium 
acetate 1 mol; Toluene 200 ml; H2O 200 ml; Temperature = 90°; Agitation 
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Figure 16. Dependence of rate constant on catalyst concentration. Reaction conditions; 
Benzyl Chloride 0.2 mol; Sodium acetate 1 mol; Toluene 200 ml; H2O 
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@ - Polymer supported methyltributylaimnonium chloride 
# - Soluble benzyltributylammonium chloride 
& - Soluble tetrabutylammonium chloride 
X - Base reaction. No catalyst added 
Figure 17. Comparison between soluble and supported catalysts. 2 mmol eq. of catalysts 
used. Reaction conditions: Benzyl (^oride 0.1 mol; Sodium acetate 1 mol; 
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@ - Polymer supported tributylmethylammonium chloride 
# - Soluble benzyltributylammonium chloride 
& - Base reaction. No catalyst added 
Figure 18. Comparison between soluble and supported catalysts. 1 mmol eq. of catalysts 
used. Reaction conditions: Benzyl Chloride 0.2 mol; Sodium acetate 1 mol; 
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@ - Polymer supported methyltributylphosphonium chloride 
# - Soluble benzyltributylphosphonium chloride 
& - Base reaction. No catalyst added 
Figure 19. Comparison between soluble and supported phosphonium catalysts. 2 mmol 
eq. of catalysts used. Reaction conditions: Benzyl Chloride 0.1 mol; Sodium 
acetate 1 mol; Toluene 200 ml; H2O 200 ml; Temperature = 90°C; Agitation 
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Figure 20. Temperature dependency of benzyl chloride concentration. 2 mmol Sol­
uble benzyltributylammonium catalyst was used. Reaction conditions: 
Benzyl CUoride 0.1 mol; Sodium acetate 1 mol; Toluene 200 ml; Water 
200 ml; Agitation rate = 600 rpm. 
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Figure 21. First order rate dependency of benzyl chloride concentration. 2 mmol 
Soluble benzyltributylammonium catalyst was used. Reaction conditions: 
Benzyl Chloride 0.1 mol; Sodium acetate 1 mol; Toluene 200 ml; Water 
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Figure 22. Arrhenius plot of rate constants for soluble catalyst. 2 mmol Soluble 
benzyltributylanunonium catalyst was used. Reaction conditions: Benzyl 
Chloride 0.1 mol; Sodium acetate 1 mol; Toluene 200 ml; Water 200 ml; 
Agitation rate = 600 rpm. 
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0 50 100 150 200 250 300 350 400 
Time, min. 
• : Polymer supported tributylmethylammonium chloride 
X : Soluble benzyltributylammonium chloride 
: Silica supported tributylmethylammonium chloride 
+: Baseline reaction, no catalyst added 
Figure 23. Comparison of silica supported catalyst with soluble and polymer sup­
ported catalysts. 2mmol eq. of catalysts used. Reaction conditions: Benzyl 
Chloride 0.1 mol; Sodium acetate 1 mol; Toluene 200 ml; Water 200 ml; 
Agitation rate = 700 rpm, Temperature = 90°C. 
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS 
1. General Conclusions 
Phase transfer catalysis in general, and triphase catalysis in particular, are certain to in­
creasingly attract the attention of reaction engineers. Even the limited studies reported so far 
on the interactive roles of diffusion and reaction clearly point to the enormous complexity of the 
system, particularly for one involving triphase catalysis. 
In order to attract attention to this important field, a brief review of triphase catalysis has 
been given. Support synthesis in triphase catalysis is particularly important in controlling and 
directing the role of diffusion in this complex system whose reaction-diffusion behavior is great­
ly influenced by the reaction environment. Earlier studies by Wang and Yang (1992) have estab­
lished a methodology for analy2dng triphase catalyzed reactions. In the present smdy, the limita­
tions of this approach have largely been removed (particularly the irreversibility of the aqueous 
phase reaction) and a more general dynamic model has been developed. Simulation smdies from 
the isothermal model and nonisothermal model developed by us and the experimental work on 
triphase catalysis led to the following interesting conclusions: 
(1) Effectiveness factors and conversion obtained from simulation studies by consider­
ing the aqueous phase reaction to be reversible are different from those by considering it to be 
irreversible. 
(2) There is a maximum effectiveness of the catalyst at a particular time for systems at 
conditions corresponding to low intemal mass transfer resistances. 
(3) The effectiveness factor plots for the cases of irreversible and reversible inorganic 
phase reactions intersect each other (Figure 10). Although more extensive numerical and exper­
imental studies are needed, it appears that increasing reversibility shifts the crossover point in­
creasingly towards the chemical control region. It would also appear that for a given equilibrium 
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constant, there is an optimal value of Thiele modulus beyond which the presence of the revers­
ible reaction enhances the rate. This can be useful in manipulating the reaction conditions like 
initial reactant concentration to get maximum efifectiveness of the catalyst. 
(4) Nonisothermal effectiveness factors and conversion obtained from simulation stud­
ies are different from the isothermal model. 
(5) For an exothermic organic phase reaction with high activation energy, effectiveness 
factors greater than unity could be obtained. For the conditions studied in our simulation work 
which pertain to physically realistic values of model parameters, we did not observe multiplici­
ties in eflfectiveness factor for a given Thiele modulus. 
(6) There is a maximum effectiveness of the catalyst at a particular time for systems at 
conditions corresponding to low internal mass transfer resistances. The time at which the maxi­
mum occurs depends on the Thiele modulus and so is a function of the interplay between diffu­
sion and reaction within the catalyst. For a given reaction system, we can choose a catalyst par­
ticle size and support structure so that this maximum in effectiveness factor and conversion is 
physically realized. 
(7) Polymer supported quaternary ammonium and phosphonium catalysts have higher 
reactivity than their soluble forms. Kinetics of benzyl chloride esterification with aqueous so­
dium acetate using polymer supported tributylmethylammonium chloride as phase transfer cata­
lysts when compared to soluble benzyltributylammonimn chloride and soluble tributylmethy­
lammonium chloride shows that the triphase catalyst has about 50% higher reactivity than their 
soluble analogs. Polymer supported catalyst has reduced activation energy compared to the sol­
uble forms and to the baseline reaction where no catalyst is used. 
Although triphase catalysis has so far not lived up to its initial promise of being a superior 
alternative to soluble PTC, smdies now in progress clearly point to its emergence in the near fu­
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ture as a distinctly attractive alternative. The crux of the problem seems to lie in the synthesis 
of a support with optimal diffusion-reaction characteristics. 
2. Recommendations 
It has been shown in the literature that nonpolar solvents induce more reactivity than po­
lar solvents. The solvent effect manifests itself in the swellability of the polymer catalyst. A 
swollen polymer catalyst is more reactive since the active sites containing the catalyst molecules 
are more accessible to the reactants. 
As mentioned before, the enhancement effect observed in the synthesis of benzyl acetate 
could be due to the overcompensation of diffusion effects by any of the above effects. This will 
be true for all rate-limited reactions. However, for a fast reaction which is diffusion limited, 
diffusional limitations is likely to outweigh the enhancement effect of the polymer. To verify 
this reactions will be carried using the supported catalyst for fast reactions. Formate ester hydro­
lysis has been proven to be a fast reaction (Lele et al. 1983) and could be an ideal candidate to 
smdy this effect. Alternatively permanganate oxidation reactions can also be studied. 
Apart from verifying the enhancement effect observed, it would be interesting to deter­
mine if a similar effect is observed using polymer supported crown ethers, cryptands, calixa-
ranes. These molecules are costlier than the supported phosphonium and ammonium salts. Also, 
crown ethers are more stable than the 'onium salts. It has been observed that ammonium and 
phosphonium salts used as phase transfer catalyst lose their activity due to Hoffman degradation 
reaction. If the supported crown ethers show more reactivity than their soluble analogs, it would 
indeed be very substantial in terms of supported phase transfer catalyst development. 
In order to verify the dynamic model, we need to choose a reaction system in which the 
mass transfer effects are controlling. The fast reaction chosen to verify the enhancement effect 
will be used to verify the theoretical model also. 
139 
It was observed from the simulation studies that by manipulating the equilibrium 
constant of aqueous phase reaction (by adjusting the concentrations of reactants) we can have 
higher catalyst effectiveness. It would be interesting to see if this result can be experimentally 
validated. Hence for a given fast reaction, different ratios of reactant concentrations will be used 
to study this effect. 
The dynamic model developed for immobilized phase transfer catalysis requires diffii-
sivity values of organic and inorganic reactants in their respective phases. Each phase involves 
diffusion in a multi-component system (for example, organic reactant, organic product and the 
solvent molecules). In lieu of experimental methods such as pulse field gradient spin echo NMR, 
diffusivity values have to be estimated theoretically. The theory of multicomponent diffusion 
in the liquid phase has not been well developed yet. The binary diffiisivities, obtained by using 
available correlations such as ^ ^^e-Chang correlation, at best are approximate and are applica­
ble for estimating diffiisivities of solutes in infinite dilution in solvents. Also, it has been shown 
in the literature that the Fickian formulation to study the diffusion in porous catalysts fails in the 
case of multicomponent diffusion (Krishna, 1991). An alternative formulation based on the so-
called Maxwell-Stefan approach is superior in the case of multicompoent gaseous phase diffu­
sion. It would be interesting to explore the possibility of using this approach to smdy the diffu­
sion in a triphase catalyst system. 
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APPENDIX 1. COMPUTER PROGRAMS 
FORTRAN program for nonisothermal model 
* NCF3 Program Text 
* This program incorporates reversibility of the aqueous phase 
* ion exchange reaction. 
* Mark 14 Revised. NAG Copyright 1989. 
IMPLICIT DOUBLE PREQSION (A-H,0-Z) 
* .. Parameters.. 
INTEGER NOUTJ^OUT2 
PARAMETER (NOUT=6J^OUT2=10) 
INTEGER N. NEQ. NEQMAX. NRW. NINF. ML. MU. NJCPVT. 





DOUBLE PRECISION HO. HMAX. HMIN. TCRTT 
PARAMETER (HO=O.ODO,HMAX=10.0D03MIN=1.0D-10.TCRTT=O.ODO) 
* .. Local Scalars.. 
DOUBLE PRECISION H. HU, T. TCUR, TOLSF, TOUT 
INTEGER I, IFAIL, IMXER. TEASK, TTOL. TTRACE. NTTER, NJE, 
+ NQ, NQU, NRE, NST 
* .. Local Arrays.. 
DOUBLE PRECISION ATOL(NEQMAX), C0NST(6), RTOL(NEQMAX), RWORK(NRW), 
+ WKJAC(NWKJAC), Y(NEQMAX), YDOT(NEQMAX), 
+ YSAVE(NEQMAXjrir2DIM) 
INTEGER INFORM(NINF), JACPVT(NJCPVT) 
LOGICAL ALGEQU(NEQMAX) 
* .. Variables in common.. 
COMMON A^LES/ ALPHA_1,ALPHA_2. DEL_Y.DEL_RX.PHI_S,BI_MZLAMBDA, 
+ SIG_QX,SIG_RX,SIG_Y,SIG1_RX,SIG1_Y,XI,ALPHA_S, 
+ BETA_M 
* .. External Subroutines.. 
EXTERNAL D02NBY, D02NCZJD02NCF, D02NTF, D02NWF, D02NYF, 
+ D02NZF, 
+ FCN, X04ABF 

















WRITE G^OUT,*) 'Program Results' 
CALL X04ABF(1 JSfOUT) 
• 
* Integrate to TOUT (ITASK=1 i.e. overshooting and internal 
* interpolation) using the blend method. Default values for the 
* array CONST are used. Employ scalar relative tolerance and vector 
* absolute tolerance. The Jacobian is evaluated by JAC. 
* MONTTR subroutine replaced by NAG dummy routine D02NBY. 
* 
T = O.ODO 
TOUT=IOO.ODO 
nASK= 1 
DO 30011= IJ  ^
KK = N+11 







IT0L = 2 
RTOL(l) = I.OD-4 
DO 401= IJIEQ 














WRITE (NOUT,*)' X Y(l) Y(2) Y(3)' 
WRITE (NOUT.99999) T, (Y(1),Y(2).Y(3)) 
* 
* Soft fail and eiror messages only 
rntACE=o 
H = 0.O5DO 
IFAIL = 0 
* 
CALL IX)2NZF(NEQMAX,TCRITJiaMINJElMAXJklAXSTPJ^lXHNIL JlWORK,IFAIL) 
* 
open(unit=nout2,file='p5b2a20_kl0.(iat',status='unknown') 
UNC = 0.05D0 
DO 355 I =1,200 







IF (IFAIL£Q.O) THEN 
WRITE (NOm;99994) T, (Y(1),Y(2),Y(3)) 
wiite(nout2,99999) T,(Y(kk)4dc=l J>IEQ) 
ELSE 
WRITE (NOUT,*) 
WRITE (NOUT,99998) 'Exit IX)2NCF with IFAEL = *, IFAIL, 




99999 FORMAT (1XJ .^3.122(F13.4;X)) 
99998 FORMAT (lXvA42A,D12  ^
99997 FORMAT (1X.AJ)12.5AD12.5AJD12.4) 
99996 FORMAT (lXAJ6vAJ6AI6) 
99995 FORMAT (1X,A44) 








.. Scalar Arguments.. 
DOUBLE PREQSION T 
INTEGER IRES 
.. Array Arguments.. 
DOUBLE PREQSION R(NEQ), Y(NEQ) 
DOUBLE PREQSION ALPHA_IvALPHA_2,DEL_Y.DEL_RXJ>HI_S3I_M;ZLAMBDA, 
+ SIG_QX,SIG_RX,SIG_Y,SIG1_RX,SIG1_Y,XLALPHA_S, 
+ BEIA3I 
LOCAL VARIABLES * 
INTEGER J, K, M, H. JJ 
DOUBLE PREQSION dx.TEMPl,TEMP2,TEMP3,TEMP4,TEMP5.TEMP6,TEMP7, 
+ TEMP8,TEMP9,TEMP10,TEMP11,TEMPI2,Y20,Y30,Y2NI, 
+ Y3Nl.xO,XXJPHI,phitemp 
VARIABLES IN COMMON • 
COMMON /VBLES/ ALPHA_IALPHA_2J)EL_YJ)EL_RXJ>HI_S,BI_M,ZLAMBDA, 
+ SIG_QX,SIG_RX,SIG_Y,SIG1_RX,SIG1_Y^^PHA_S, 
+ BETA_M 
.. Executable Statements.. 
dx = 1.0DQ/N 
xO=O.OdO 
J = 1  
K = N+J 
M = 2*N+J 





PHI = SQRTCphitemp) 




tempi = ((Y(K+l)-2.0D0*Y(K>+Y2O)/dx*»2)/SIG_RX 
temp2 = ((Y(K+l)-Y20)/dx)/SIGJ« 
R(K) = templ-K1.0D0/XX)»temp2-{PHI*»2/SIG_RX)* 
+ Y(K)*(1-Y(J)) 
temp3 = (((Y(M+l>-2.0D0*Y(M)+Y3O)*XD/dx»*2)/SIG_Y 
temp4 = (((Y(M+l)-Y30)*XI)/dx)/SIG_Y 
R(M) =temp3+(l-0D0/XX)*temp4-(PHI**2/SIG_Y)» 
+ (ALPHA_1*Y(M)»Y(J)-ALPHA_2*(1-Y(J))»(I-Y(M))) 
D0 400J = 2J^-1 
K = N+J 




PHI = SQRT(phitemp) 
R(J) = (-PHI**2/SIG_QX)*(DEL_Y»ALPHA_1*Y(M)*Y(J)-DEL_Y* 
+ ALPHA_2*(1.0r)0-Y(J))*(1.0DO-Y(M))-DEL_RX*Y(K)* 
+ (1-Y(J))) 
temp5 = ((Y(K+l>-2.0D0»Y(K)+Y(K-l))/dx*»2)/SIG_RX 
temp6 = ((Y(K+l)-Y(K-l))/dx)/SIG_RX 
R(K) = temp5+(1.0D0/XX)»temp6-(PHI»*2/SIG_RX)* 
+ Y(K)*(1-Y(J)) 
temp? = (((Y(M+l>-2.0D0»Y(M)+Y(M-l))*XI)/dx»*2)/SIG_Y 
temp8 = ((CY(M+l}-Y(M-l))*XI)/dx)/SIG_Y 
R(M) =temp7-K1.0D0/XX)*temp8-(PHI*»2/SIG_Y)» 
+ (ALPHA_1 •Y(M)*Y(J)-ALPHA_2*(1-Y(J))*(1-Y(M))) 
400 CONTINUE 
J=N 
K = N+J 
M = 2*N+J 
XX = xO+J*dx 
n = 3*N+l 
JJ = 3»N+2 
phitemp=PHI_S**2*exp(ALPHA_S*BETA_M*(Y(M-l)-Y(K))/ 
+ (1+BETA_M»(Y(M-1)-Y(K)))) 
PHI = SQRT(phitemp) 
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R(J) = (-PHI**2/SIG_QX)»(DEL_Y*ALPHA_1*Y(M)*Y(J)-DEL_Y* 
+ ALPHA_2*(1.0D0-Y(J))*(1 .ODO-Y(M))-DEL_RX*Y(K)* 
+ (1-Y(J))) 
Y2N1 = Y(K-l)+2.0D0»dx*BI_M»(Y(ID-Y(K)) 
temp9 = ((Y2Nl-2.0D0»Y(K)+Y(K-l))/dx»»2)/SIG_RX 
templO = ((Y2Nl-Y(K-l))/dx)/SIG_RX 
R(K) = temp9-K1.0DO/XX)*templO-(PHI**2/SIG_RX)* 
+ Y(K)ni-Y(J)) 
Y3N1 = Y(M-l)+2.0D0»dx»(ZLAMBDA*BI_M/XD*(Y(JJ)-Y(M)) 
tempi 1= (((Y3Nl-2.0D0*Y(M)+Y(M-l))»XD/dx*»2)/SIG_Y 
templ2 = (((Y3Nl-Y(M-l))*XD/dx)/SIG_Y 
R(M) = templl+(1.0D0yXX)»templ2-(PHI»*2/SIG_Y)» 





MATLAB program for effectiveness factor calculation 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% This function evaluates the integral of the function 'fimfcn' on the 
% interval [a,b]. Simpson's quadrature formula is used. The number of 
% quadrature points is given by n 
% 
% By Sridhar Desikan, March 6,1994 - Modified January 1995. 
%%%%%%%%%%%%%%%%%%% 
function F = simpson(funfcn,a,b) 
n = 40; suml = 0; sum2 = 0; 
load p_lbla20_kl0.dat 
global p_lbla20_kl0 
h = (b-a)/n; 
fori = l:(n/2) 
suml = suml + prob(2*i); 
end 
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for j = 2:(n/2) 
smn2 = sinn2 + prob(2*j-l); 
end 
Nr=(h/3)*(prob(l)+2*siini2+4*sumI+prob(n+I)); 
cqx_s = p_lbla20_kl0(:,41); 
crx_s = p_lbla20_kl0(:,81); 
Dr = crx_s.*(l-cqx_s); 
F = (3.*Nr)7Dr. 
MATLAB program for function defintion for effectiveness fac 
tor calculation 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% This function defines the function to be integrated for 
% problem # 2. Sridhar Desikan, March 6, 1994. 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
function f = prob(y) 
global p_lbla20_kl0 
a]pha_s = 20.0; 
beta =0.1; 
w = 0.0:0.025:1.0; 
one = ones(size(y)); 
cqx_wl =p_lbla20_kl0(:,2:41); 
cqx_w = [p_lbla20_kl0(:,2) cqx_wl]; 
crx_wl = p_lbla20_kl0(:,42:81); 
crx_w = [p_lbla20_kl0(:,42) crx_wl]; 
cqx_s =p_lbla20_kl0(:,41): 
crx_s =p_lbla20_kl0(:,81); 
temp = exp{alpha_s*beta*(crx_s.*one-crx_w(:,y))7(one+beta*(crx_s*one-crx_w(:,y)))); 
f=temp.*crx_w(:,y).*(l-cqx_w(:,y)).*w(y).'^2; 
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APPENDIX 2. NONKOTHERMAL MODEL FOR TRIPHASE 
CATALYSIS - A CASE STUDY 
In order to understand the effect of nonisothermality on triphase catalysis systems, a case 
study was developed. The reaction chosen for study is the phase transfer esterification of benzyl 
chloride with sodium acetate using polymer-supported tributylmethylammonium chloride as 
the triphase catalyst. The reaction was assumed to be carried out in a slurry reactor with bulk 
temperature maintained constant by a temperature controller. The nonisothennal model devel­
oped in Chapter 3 predicts the concentration of the reactants in the bulk as a fimction of time at 
different reaction conditions. This model, in essence, studies the effect of intraparticle heat ef­
fects due to the reaction taking place within the catalyst phase. While the reactor is maintained 
at isothermal condition, there are temperature gradients within the catalyst particle which may 
affect the overall conversion. 
The reaction conditions studied in this simulation study are as follows: 
• Volume of the organic phase = 500 ml 
• Volume of the aqueous phase = 500 ml 
• Initial concentration of the organic reactant 3 moI/L 
• Initial concentration of the organic reactant 5 mol/L 
• Concentration of the catalyst - 5 vol/vol% 
• Reactor temperature = 60° C 
The polymer supported catalyst used in this smdy has the following physical properties: 
• Radius of the catalyst = 200 micron 
• Porosity = 0.3 
• Density = 0.9 g/cc 
• Thermal conductivity = 0.8 W/m.'K 
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Estimation of parameters 
The nonisothennal developed in our study uses many dimensionless parameters. These 
parameters describe the influence of different effects in a concise way. For example, the Thiele 
modulus is the measure of rate of diffusion of reactants to the intrinsic kinetics of the reaction 
and Biot number is the measure of rate of external mass transfer to the rate of diffusion within 
the catalyst. The estimation of these parameters in the model is described below. 
Rate constants 
The rate constant for organic phase reaction was obtained from kinetic smdies conducted 
in our laboratory. The expression for rate constant is as follows: 
kapp = hQsCqx  ^ = 2.77 X j 3055 x ioi5e-i5202/r 
where Cqx,O is the initial concentration of the catalyst, mmol/g catalyst and QS is the 
density of the catalyst, g/cc. 
Tomoi et al. (1983) have studied the kinetics of ion exchange reaction between sodium 
acetate and polymer bound tributylmethylphosphonium chloride. In the absence of kinetic data 
for the ion exchange reaction for polymer supported ammonium catalyst used in the study, the 
values reported in their paper wiU be used here as an estimate. It has been observed in our exper­
imental work that the polymer supported phosphonium catalyst has about the same activity as 
that of the ammoniimi catalyst.The rate constant for forward ion exchange reaction is 
ki = 5.2 X \Q~^/s (from Tomoi et al. 1983) 
The equilibrium constant for ion exchange reaction was estimated from the heat of reac­
tion. Ion exchange reactions have heats of reaction typically in the range of 2 -5 Kcal/mol. 
d^ln Kgi^ ion—exchange 
~~dr W 
which gives Keq=20.5 
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Diffiimnn coefficients 
Binary diffusion coefficient for benzyl chloride in toluene was estimated using Wilke-
Chang correlation to be 2.49x10"^ cm^/s. Difftision coefficient for sodium acetate in water was 
estimated by using the Nemst-Haskell equation for diffusion of electrolytes to be 1.93 x 10"^ 
cm^/s. The effective diffiisivity of a species in to a catalyst is given as 
^ = 2.49 X 10 ~®cmV^ 
SDy = 1.925 X 10"W/j 
where e is the porosity of the catalyst and x is the tortuosity 
For a typical catalyst, the ratio of porosity to tortuosity is about 0.1 
Heat of reaction 
The organic phase heat of reaction was calculated from estimated values of ideal gas 
heats of formation, ideal gas heat capacities and heats of vaporization. Ideal gas heats of reaction 
were obtained by the Benson's group contribution method. Ideal gas heat capacities and heats 
of vaporization were obtained from chemical property database DIPPR. 
jdffjl = AHf+ ACp{T — 298.15) + chloride ~ benzyl acetate 
- AHr = 334.49 KJ/mol 
Mass trgnaffty <*-nefficient8 
Mass transfer coefficients for three phase systems are very difficult to measure. There 
are no reported data in the literature for triphase catalysis systems. In the absence of data, simula­
tion studies were done at conditions corresponding to high Biot number (100) which represents 
a system that does not have external mass transfer limitations. Mass transfer coefficients for both 
the organic and the inorganic reactants were assumed to be equal and high. 
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List of parameter values 
The dimensionless parameters used in the model were estimated using the parameters 












0 org 66.6 
0 aq 66.6 
OS 33.43 
Pm 0.0094 
It has to be noted here that the Thiele modulus at the surface temperature <{)s=0.1 corre­
sponds to the chemically controlled regime where difiiisional limitations are not 
very significant. The result firom the simulation study is shown in Figure 1. The 
dimensionless concentration of the organic reactant is plotted as a ^ inction of reac­
tion time. The results show that the predicted values of dimensionless concentra­
tion using the nonisothermal model is almost the same as that of the isothermal 
model. As mentioned earlier, the current model takes into account the intraparticle 
meiss and heat transfer and external mass transfer. From the estimate of the Thiele 
modulus, we find that the benzyl acetate reaction is kinetically controlled. Also, the 
estimate of the parsmieter which is the measure of the nonisothermaUty, is very 
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low in this case. However, for highly exothermic reactions, which are diffusion con­











0.84 8 2 3 5 6 7 1 4 0 
Figure 1. Comparison of predicted values of dimensionless concentration of benzyl 
chloride obtain^ from nonisothennal and isothermal models. 
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